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Abstract

In this thesis, we prove new results within algorithms, graph theory, and cryptography. The
thesis is divided into three topics covering two research papers each.

Hashing Algorithms: We say that a hash function is strongly concentrated if it provides
Chernoff-style concentration bounds on hash based sums, similar to a fully random hash function.
A string of research in tabulation based hashing, P&tragcu and Thorup [JACM’12, SODA’13]
and Thorup [FOCS’13], has led to several strongly concentrated hash functions. However, the
hash functions are either slow in practise or only strongly concentrated when the expectation of
the hash sum is sufficiently low. We introduce the first hashing schemes overcoming both these
obstacles, tabulation-permutation and tabulation-1permutation hashing. Both hashing schemes
are easy to implement, very fast in practice, and strongly concentrated without restrictions.
Applying tabulation-1permutation hashing to streaming algorithms, in particular to the problems
of counting distinct elements and estimating set similarity, we show that it theoretically offers
significant speedups. For the problem of counting distinct elements, these speedups are verified
experimentally.

Spectral Graph Theory: First, we prove that for any graph G on n vertices of maximum
degree A, the multiplicity of the second eigenvalue of the normalised adjacency matrix of G
is 6(nA7/5/1og1/5 n). This improves upon a result by Jiang et al. To obtain this bound on
the eigenvalue multiplicity, we establish a result of independent interest. We show that the
expected support of a random closed walk on G of length 2k < n is Q(k:l/ %). Before this work, no
such bound was known. Second, we show that split-state non-malleable codes, a cryptographic
primitive, can be derived from a spectral expander graph in a very natural way. Previously,
the only known constructions of split-state non-malleable codes relied on two-source randomness
extractors, an arguably more esoteric object.

k-Edge Connectivity: For k = 1,2, we provide an optimal randomised algorithm for decre-
mental k-edge connectivity for graphs on n vertices and m = Q(n polylogn) edges. This improves
upon the algorithm of Thorup [JACM’99], which is only optimal for dense graphs with m = Q(n?)
edges. Furthermore, we improve the update time whenever k = logo(l) n. As a bonus, the al-
gorithm for £ = 2 immediately yields an optimal Las Vegas algorithm for the unique perfect
matching problem for graphs on m = Q(n polylogn) edges. In a related paper, we prove a graph
theoretic result bounding the number of k-edge connected components in a graph of high mini-
mum degree. Roughly, we show that for an integer £ > 1 and ¢ > 0, the maximum number of
k-edge connected components of a graph on n vertices with minimum degree (2 4+ €)(k — 1) is
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Resumé

I denne afhandling viser vi nye resultater indenfor algoritmer, grafteori og kryptografi. Athan-
dlingen er inddelt i tre emner, som hver daekker to forskningsartikler.

Hashing Algoritmer: Vikalder en hash funktion sterkt koncentreret hvis den opfylder Chernoft-
lignende koncentrationsuligheder for hash baserede summer, lig en fuldt tilfeeldig hash funktion.
Tidligere forskning i tabuleringsbaseret hashing, Patragcu og Thorup [JACM’12, SODA’13] og
Thorup [FOCS’13], har ledt til flere steerkt koncentrerede hash funktioner. Disse hash funk-
tioner lider dog enten under kun at veere steerkt koncentrerede, nar man restringerer forvent-
ningsveerdien af hash summen, eller under at veere langsomme i praksis. Vi introducerer de
fgrste hash funktioner, som klarer begge disse udfordringer, tabulation-permutation og tabulation-
Ipermutation. Begge hash funktioner er simple at implementere, meget hurtige i praksis og steerkt
koncentrerede uden forbehold. Vi anvender tabulation-1permutation hash funktionen i streaming
algoritmer, i szrdeleshed til at teelle antal forskellige elementer i en datastrgm og til estimer-
ing af meengdelighed. Vi viser at dette giver veesentligt hurtigere kgretider. Dette verificeres
ogsé eksperimentelt ved implementation af algoritmer til at teelle antal forskellige elementer i en
datastrgm.

Spektral Grafteori: Forst viser vi, at enhver graf G pa n knuder med maksimal valens
A opfylder at multipliciteten af den anden egenveerdi af dens normaliserede nabomatrix er
O(nA"/5 /1og® n). Dette forbedrer et resultat af Jiang et al. For at vise denne ulighed om
egenveerdimultiplicitet, viser vi et resultat af uathsengig interesse. Vi beviser at den forventede
storrelse af stgtten af en tilfaeldig vandring pa G af leengde 2k er Q(k'/). For dette fandtes
ingen lignende nedre greense. Dernzest viser vi at en delt-tilstands ikke-formbar kode pa naturlig
vis kan fremstilles fra en spektral udvidelsesgraf. Tidligere var alle kendte konstruktioner af
delt-tilstands ikke-formbar koder baserede pa to-kildes tilfzeldighedsudvindere, et noget mere
esoterisk objekt.

k-kantforbundethed: For k = 1,2 praesenterer vi en optimal randomiseret algoritme til dekre-
mentel k-kantforbundethed for grafer pa n knuder og m = Q(n polylog n) kanter. Dette forbedrer
et resultat af Thorup [JACM’99], hvis algoritme kun er optimal for teette grafer med m = Q(n?)
kanter. Videre forbedrer vi opdateringstiden for k = logo(l) n. Som en bonus giver algoritmen
for £ = 2 en optimal Las Vegas algoritme til unik perfekt matching problemet for grafer med
m = Q(npolylogn) kanter. I en relateret artikel viser vi et grafteoretisk resultat, som estimerer
antallet af k-kantforbundne komponenter i en graf med hgj minimumsvalens. Groft sagt viser vi
at for et heltal £ > 1 og € > 0 er det maksimale antal k-kantforbundne komponenter af en graf
pa n knuder med minimumsvalens (2 + ¢)(k — 1) givet ved © ().



Preface

The PhD programme is a roller coaster, both of emotion and science. In the world of research,
predicting where a project will go or which subfield will provide the next promising opportunity
is an almost impossible task. Acknowledging this, the initial plan for this PhD project included
neither specific problems nor specific subfields to be explored. Instead, I have focused on meth-
ods and themes playing to my strengths, finding problems to work on in areas as far apart as
mathematical graph theory, graph algorithms, cryptography, computational geometry, hashing,
and streaming algorithms. Main threads for the research completed is that the results obtained
rely on discrete methods, focused either in discrete probabilities, graph theory, or combinatorics.
Furthermore, the research has often either been directly concerned with algorithms or applied
an algorithmic mindset.

Four categories more or less cover the PhD project. Here, they are presented in something
resembling chronological order. The papers mentioned are listed at the end of the preface in the
order they appear.

Hashing Algorithms. My first major work as a PhD student at BARC was on the subject
of fast hashing schemes satisfying Chernoff-style concentration bounds. I worked closely with
Anders Aamand, Jakob B. T. Knudsen, and my supervisor Professor Mikkel Thorup on this. In
the paper Fast hashing with Strong Concentration Bounds |[AKKT2(0)], we formalise the notion
of strong concentration of a hash function and introduce two constant-time hashing scheme,
tabulation-permutation hashing and tabulation-1permutation hashing. The hashing schemes are
both strongly concentrated and fast enough to compete with some of the fastest hash functions
in use, the only known hash functions in that speed range with such guarantees.

Having obtained fast, strongly concentrated hashing schemes, the natural work to follow
it up explores the consequences of applying them in the implementation of popular stream-
ing algorithms. In the paper No Repetition: Fast Streaming with Highly Concentrated Hashing
|[ADK™21|, we show theoretically and experimentally that implementing algorithms for the prob-
lems of distinct elements and set similarity with our new tabulation-1permutation hashing scheme
result in significant speedups.

Spectral Graph Theory. A passion of mine during the PhD programme has been the theory
of graph spectre. Spectral graph theory is the fascinating observation that many properties of a
graph are reflected in the spectrum of its adjacency matrix.

An especially noteworthy concept of spectral graph theory is the notion of expander graphs,
graphs that are well-connected and hard to “disconnect”. 1 was allowed the opportunity to visit
and work with my former advisor at UCLA, Professor Amit Sahai, on a project relating cryp-
tography and expander graphs. In the paper Expander Graphs are Non-Malleable Codes [RS20],
we prove a close connection between expander graphs and non-malleable codes, an information-
theoretical cryptographic primitive. We find a natural way to produce a coding scheme from a



graph and show that if the graph is a sufficiently good spectral expander, the resulting coding
scheme is non-malleable.

In spectral graph theory, the second eigenvalue of the normalised adjacency matrix of a
graph is of particular interest since it carries a close connection to the expansion of the graph.
On another stay abroad at University of California Berkeley, I visited Professor Nikhil Srivastava
and worked with him and Theo McKenzie on bounding the multiplicity of the second eigenvalue
of graphs. In the paper Support of Closed Walks and Second Eigenvalue Multiplicity of Graphs
[MRS21], we prove a bound stronger than what was previously known. To do so, we tackle a
problem of independent interest. We bound from below the support of closed random walks on
graphs using methods from the theory of electrical flows. Before this paper, no such bound was
known.

k-Edge Connectivity. In connection with writing my master’s thesis, my advisor Mikkel
Thorup suggested that I work with Anders Aamand on graph sampling. With collaborators,
Mikkel had some ideas towards an algorithm for the problem of decremental connectivity. These
ideas never quite panned out, but nonetheless, we arrived at an optimal algorithm for decremental
connectivity on graph with n vertices and m = Q(n3/ %) edges. This, along with other observations
made during the period, became my master’s thesis. Afterwards, we found a way to use the ideas
from the first result recursively. In the paper Optimal Decremental Connectivity in Non-Sparse
Graphs |JAKL" 21|, we present an optimal algorithm for decremental k-edge connectivity for
graphs on n vertices and m = Q(npolylogn) edges for k = 1,2. For k = log°V n, we get
constant update time and n°") query time whenever m = n3/2t°(1)_ Furthermore, results in
pure graph theory from the master’s thesis became a manuscript of its own. In the paper k-FEdge
Connected Components and Minimum Degree [ART21], we bound from above the number of
k-edge connected components a graph can contain as a function of its minimum degree.

Computational Geometry. During my time at BARC, I have had many interesting and fun
side project in computational geometry courtesy of my wonderfully imaginative colleague Mikkel
Abrahamsen. In most cases, these projects have been collaborations with quite a few participants.
Two manuscripts resulted from this effort. First, in the paper Classifying Conver Bodies by
Their Contact and Intersection Graphs [AAKR21|, we consider intersection, unit distance, and
contact graphs of convex bodies in the Euclidian plane. We shall only discuss intersection graphs
here. Given a convex body, A, the intersection graph of a number of translations of A in the
plane is the graph consisting of a vertex for each copy of A and edges connecting every pair
of vertices satisfying that their corresponding copies of A intersect. We find a necessary and
sufficient condition for convex bodies A and B to produce the same intersection (as well as unit
distance and contact) graphs. Second, in the paper Tiling with Squares and Packing Dominos in
Polynomial Time [AAAR20|, we find an algorithm for tiling polyominos with 2 x 2 squares and
an algorithm for packing polyominos with 2 x 1 dominos, both algorithms running in polynomial
time in the size of the representation of the polyomino as a set of corners.

Papers

In accordance with the guidelines of the PhD School of the University of Copenhagen, the thesis
is presented as a synopsis of a subset of the papers listed below. Together they present most of
the research output produced over the course of the PhD programme. In the body of the thesis,
a description of each of the selected papers is presented, and in the appendix, the papers are
included in full. Note that in some cases, the manuscripts in the appendix are not identical with
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Chapter 1

Introduction

In accordance with the guidelines of the PhD School of the University of Copenhagen, this
thesis is presented as a synopsis of a subset of the papers produced over the course of the PhD
programme. Beyond the overarching category of algorithms, two main themes categorise the
selected works: connectivity properties of graphs and discrete probabilities. Most of the papers
presented fall in the intersection of these themes.

Organisation. The thesis has been divided into three chapters with two papers presented in
each chapter. The chapters correspond to the first three categories laid out in the preface. First,
a chapter on hashing algorithms, which relies heavily on theory from discrete probability to
introduce and apply new hash functions. Second, a chapter on spectral graph theory discussing
random sampling of edges from expander graphs, new results on random walks on graphs, and
multiplicity of graph eigenvalues. Third, a chapter on k-edge connectivity that considers the
problem of decremental k-edge connectivity and explores the impact of high minimum degree on
the number of distinct k-edge connected components of a graph.

Each chapter starts with an introduction to the overall topic followed by presentations of
the two papers associated with the topic. The presentations discuss the results of the papers,
relevant literature, and possible further research topics. It should be noted that the goal of this
synopsis is to give an overview of the research and not to present a complete picture. For details
and proofs, the interested reader is referred to the full manuscripts in the appendix.

Notation. Most notation will be introduced as needed. For n € N, we denote by [n] the set
[n] ={0,1,...,n — 1}. To avoid confusion, it should be noted that some papers included in the
appendix of this thesis do not adhere to this and instead let [n] = {1,2...,n}.



Chapter 2

Hashing with Strong Concentration

The following text is a slightly edited excerpt from the introduction of |[AKK™20).

Chernoff’s concentration bounds [Che52| date back to the 1950s but bounds of this type go
even further back to Bernstein in the 1920s [Ber24]. Originating from the area of statistics they
are now one of the most basic tools of randomized algorithms [MR95]. A canonical form considers
the sum X = > | X; of independent random variables X1,...,X,, € [0,1]. Writing p = E [X]
it holds for every ¢ > 0 that

Pr[X > (1 +¢)p] <exp(—pC(e)) [ < exp(—®u/3) for e < 1], (2.1)
Pr[X < (1 —¢)u] < exp(—pC(—¢)) [ < exp(—g®p/2) for e < 1]. (2.2)
Here C : (—1,00) — [0,00) is given by C(x) = (x + 1) In(z + 1) — =, so exp(—C(z)) = (H;)ﬁ

Textbook proofs of (2.1)) and (2.2)) can be found in [MR95| §4]|ﬂ Writing 02 = Var [X], a more
general bound is

Pr[|X — u| > 1] < 2exp(—a?C(t/c?)) [ < 2exp(—(t/0)?/3) for t < o?]. (2.3)

Since 02 < p and C(—¢) < 1.5C(¢) for e < 1, is at least as good as and7 up to
constant factors, and often better. In this work, we state our results in relation to (2.3]), known
as Bennett’s inequality [Ben62].

Hashing is another fundamental tool of randomized algorithms dating back to the 1950s
[Dum56]. A random hash function, h : U — R, assigns a hash value, h(z) € R, to every key
xz € U. Here both U and R are typically bounded integer ranges. The original application
was hash tables with chaining where z is placed in bin h(z), but today, hash functions are
ubiquitous in randomized algorithms. For instance, they play a fundamental role in streaming
and distributed settings where a system uses a hash function to coordinate the random choices
for a given key. In most applications, we require concentration bounds for one of the following
cases of increasing generality.

1. Let S C U be a set of balls and assign to each ball, z € S, a weight, w,, € [0,1]. We wish to
distribute the balls of S into a set of bins R = [m] = {0,1,...,m — 1}. For a bin, y € [m],
X =3 csWe - [h(x) = y] is then the total weight of the balls landing in bin y.

1The bounds in [MR95, §4] are stated as working only for X; € {0, 1}, but the proofs can easily handle any
X; €10,1].



2. We may instead be interested in the total weight of the balls with hash values in the interval
[y1,y2) for some yy,y2 € [m], that is, X = > _qws - [y1 < h(x) < o).

3. More generally, we may consider a fixed value function v: U x R — [0,1]. For each key
x € U, we define the random variable X, = v(x, h(x)), where the randomness of X, stems
from that of h(x). We write X = > ., v(x, h(x)) for the sum of these values.

To exemplify applications, the first case is common when trying to allocate resources; the second
case arises in streaming algorithms; and the third case handles the computation of a complicated
statistic, X, on incoming data. In each case, we wish the variable X to be concentrated around its
mean, 1 = E [X], according to the Chernoff-style bound of (2.3). If we had fully random hashing,
this would indeed be the case. However, storing a fully random hash function is infeasible. In
this chapter, we instead study hash functions satisfying the following definition when X is a
random variable as in one of the three cases above.

Definition 2.1. [Strong Concentration| Let h: [u] — [m] be a hash function, S C [u] be a set of
hash keys of size n = |S|, and X = X (h, S) be a random variable, which is completely determined
by h and S. Denote by y = E[X] and 02 = Var [X] the expectation and variance of X. We say
that X is strongly concentrated with added error probability f(u,n,m) if for every ¢ > 0,

Pr(|X — pu| >t] <O (exp (=Q(c°C(t/0?))) + f(u,n,m). (2.4)

Note that the expression of differs asymptotically from only in the term f(u,n,m).
Hence, satisfying the definition, h may be considered to perform as well as a fully random hash
function on the three cases listed above, except with probability f(u,n,m). Ideally, we would
like f to be inversely polynomial in the universe size .

The remainder of this chapter presents the papers “Fast Hashing with Strong Concentra-
tion Bounds” JAKK™20| and “No repetition: Fast Streaming with Highly Concentrated Hash-
ing” JADK™21|. In |[AKK™20], we construct the first fast and practical hashing schemes which
provide strong concentration for the cases listed above, tabulation-permutation and tabulation-
Ipermutation hashing. In [ADKT21|, we apply our new hashing schemes towards streaming
algorithms.



2.1 Strong Concentration with Tabulation-Permutation

In this section, we present the paper “Fast Hashing with Strong Concentration Bounds” [AKK™20).
First, we review previous work on constructing hashing with strong concentration as per Defi-
nition Then, we present our new hashing schemes, our results, and some experiments. The
section is composed of edited excerpts from the introduction of [AKK™20].

2.1.1 Previous Work

One way to achieve Chernoff-style bounds in the three use cases listed in the chapter introduction
is through the classic k-independent hashing framework of Wegman and Carter [WC81]. The
random hash function h : U — R is k-independent if for any k distinct keys z1,...,x €
U, (h(x1),...,h(zy)) is uniformly distributed in R*. Schmidt, Siegel, and Srinivasan [SSS95]
have shown that with k-independence, the above Chernoff bounds hold with an added error
probability decreasing exponentially in k. Unfortunately, a lower bound by Siegel [Sie04] implies
that evaluating a k-independent hash function takes Q(k) time unless we use an infeasible amount
of space.

Patragcu and Thorup have shown that Chernoff-style bounds can be achieved in constant
time with tabulation based hashing methods; namely simple tabulation [PT12| for the first case
described above and twisted tabulation [PT13] for all cases. However, their results suffer from
some severe restrictions on the expected value, u, of the sum. More precisely, the speed of these
methods relies on using space small enough to fit in fast cache, and the Chernoff-style bounds
[PT12, [PT13] all require that p is much smaller than the space used. It can be shown that some
of these limitations are inherent to simple and twisted tabulation. For instance, they cannot
even reliably distribute balls into m = 2 bins, as described in the first case above, if the expected
number of balls in each bin exceeds the space used.

Thorup’s double tabulation [Thol3] is another constant-time tabulation based hashing scheme,
which achieves highly independent hashing except for a small error probability. It is the main
constant-time competitor of our new tabulation-permutation hashing. However, due to the large
size of the constants involved, double tabulation is not competitive on speed in practice. In fact,
double tabulation is 30 times slower than tabulation-permutation in our experiments.

In JAKK™20|, we construct and analyse a new family of fast constant-time hash functions
tabulation-permutation hashing that satisfy Chernoff-style concentration bounds like with-
out any restrictions on p. Our bounds hold for all of the cases described above and all possible
inputs. Furthermore, tabulation-permutation hashing is an order of magnitude faster than any
other known hash function with similar concentration bounds, and almost as fast as simple and
twisted tabulation hashing. We demonstrate this both theoretically and experimentally.

2.1.2 Fast, Strongly Concentrated Hashing

In JAKK 20|, we prove new results regarding three hashing schemes, simple tabulation, tabulation-
permutation, and tabulation-1permutation. The latter two are based on simple tabulation and
introduced for the first time in [AKK™20|. Here, we shall describe the hash functions and our
results.

Simple Tabulation Simple tabulation hashing dates back to Zobrist [Zob90]. In simple tab-
ulation hashing, we consider the key domain U to be of the form U = 3¢ for some character
alphabet ¥ and ¢ = O(1), such that each key consists of ¢ characters of ¥. Let m = 2°



be given and identify [m] = {0,1,...,m — 1} with [2]’. A simple tabulation hash function,
h: X¢ — [m], is then defined as follows. For each j € {1,...,c} store a fully random character
table h;: X — [m] mapping characters of the alphabet X to ¢-bit hash values. To evaluate h on
akey x = (21,...,2.) € X¢ we compute h(z) = hi(z1) ® - B he(z.), where @ denotes bitwise
XOR — an extremely fast operation. With character tables in cache, this scheme is the fastest
known 3-independent hashing scheme [PT12]. We will denote by u = |U| the size of the key
domain, identify U = X¢ with [u], and always assume the size of the alphabet, |X|, to be a power
of two. For instance, we could consider 32-bit keys consisting of four 8-bit characters.

Let S C U and consider hashing n = |S| weighted balls or keys into m = 2° bins using
a simple tabulation function, h: [u] — [m], in line with the first case mentioned above. In
JAKK™20, Section 4|, we prove the following.

Theorem 2.2. Let h: [u] — [m] be a simple tabulation hash function with [u] = X¢, ¢ = O(1).
Let S C [u] be given of size n = |S| and assign to each key/ball x € S a weight w, € [0,1]. Let
y € [m], and define X =3 _qw, - [h(x) = y| to be the total weight of the balls hashing to bin
y. Then for any constant v > 0, X is strongly concentrated with added error probability n/m?,
where the constants of the asymptotics are determined solely by ¢ and 7.

Patragcu and Thorup [PT12] proved a similar probability bound, but without weights, and,
more importantly, with the restriction that the number of bins m > n'~1/(29)  In particular,
this implies the restriction p < |E|1/ 2. Our new bound gives Chernoff-style concentration with
high probability in n for any m > n®, e = Q(1). Indeed, letting v' = (v 4 1)/e, the added error
probability becomes n/m? < 1/n7.

However, for small m the error probability n/m? is prohibitive. For instance, unbiased coin
tossing, corresponding to the case m = 2, has an added error probability of n/2Y which is useless.
In JAKK™20, Section 8|, we show that it is impossible to get good concentration bounds using
simple tabulation hashing when the number of bins m is small. To handle all instances, including
those with few bins, and to support much more general Chernoff bounds, we introduce a new
hash function: tabulation-permutation hashing.

Tabulation-Permutation Hashing. We start by defining tabulation-permutation hashing
from X¢ to ¥¢ with ¢,d = O(1). A tabulation-permutation hash function h: ¢ — %9 is given
as a composition, h = 7 o g, of a simple tabulation hash function g: £¢ — %% and a permu-
tation 7: ¥¢ — ¥4 The permutation is a coordinate-wise fully random permutation: for each
j €{1,...,d}, pick a uniformly random character permutation 7; : ¥ — X. Now, 7 = (71,...,7q)
in the sense that for z = (21,...,24) € ¢, 7(2) = (11 (21) , - ., 74 (24)). In words, a tabulation-
permutation hash function hashes ¢ characters to d characters using simple tabulation and then
randomly permutes each of the d output characters. As is, tabulation-permutation hash functions
yield values in ¥4, but we will soon see how we can hash to [m] for any m € N.

Our main result is that with tabulation-permutation hashing, we get high probability Chernoff-
style bounds for the third and most general case described in the beginning of the chapter.

Theorem 2.3. Let h: [u] — [r] be a tabulation-permutation hash function with [u] = X¢ and
[r] = 24, ¢,d = O(1). Let v: [u] x [r] — [0,1] be a fived value function that to each key
x € [u] assigns a value X, = v(z,h(x)) € [0,1] depending on the hash value h(z) and define
X = er[u] X,. For any constant v > 0, X 1is strongly concentrated with added error probability
1/u”, where the constants of the asymptotics are determined solely by ¢, d, and .

Tabulation-permutation hashing allows us to hash into m bins for any m € N (not necessarily
a power of two) preserving the strong concentration from Theorem To do so, simply define



the hash function h™: [u] — [m] by A™(x) = h(z) mod m. Relating back to Theorem [2.2
consider a set S C U of n balls where each ball € S has a weight w, € [0, 1] and balls x outside
S are defined to have weight w, = 0. To measure the total weight of the balls landing in a given
bin y € [m], we define the value function v(z, z) = w, - [z mod m = y]. Then

X = vz h(@) =Y w,- [ (x) =y
z€[u]

zeS

is exactly the desired quantity and we get the concentration bound from Theorem [2.3] Then
the big advantage of tabulation-permutation hashing over simple tabulation hashing is that it
reduces the added error probability from n/m? of Theorem to the 1/uY of Theorem
where u is the size of the key universe. Thus, with tabulation-permutation hashing, we actually
get Chernoff bounds with high probability regardless of the number of bins.

Patragcu and Thorup [PT13| introduced twisted tabulation that like our tabulation-permutation
achieved Chernoff-style concentration bounds with a general value function v. Their bounds are
equivalent to those of Theorem but only under the restriction p < \E|1_Q(1). To understand
how serious this restriction is, consider again tossing an unbiased coin for each key z in a set
S C [u], corresponding to the case m = 2 and p = |S|/2. With the restriction from [PT13|, we
can only handle |S| < 2 |E|179(1), but recall that ¥ is chosen small enough for character tables
to fit in fast cache, so this rules out any moderately large data set. In J[AKKT20, Section 8]
we show that for certain sets S, twisted tabulation has the same problems as simple tabulation
when hashing to few bins. This implies that the restrictions from [PT13| cannot be lifted with
a better analysis.

Tabulation-1Permutation Above we introduced tabulation-permutation hashing which yields
Chernoff-style bounds with an arbitrary value function. This is the same general scenario as was
studied for twisted tabulation in [PT13]. However, for almost all applications we are aware of,
we only need the generality of the second case presented at the beginning of the introduction.
Recall that in this case we are only interested in the total weight of the balls hashing to a certain
interval. As it turns out, a significant simplification of tabulation-permutation hashing suffices
to achieve strong concentration bounds. We call this simplification tabulation-1permutation.
Tabulation-permutation hashing randomly permutes each of the d output characters of a sim-
ple tabulation function g: ¢ — X¢. Instead, tabulation-1permutation only permutes the most
significant character.

More precisely, a tabulation-l1permutation hash function h: £¢ — %¢ is a composition,
h = 7 og, of a simple tabulation function, ¢g: ¥¢ — ¥¢, and a random permutation, 7: %% — ¢,
of the most significant character, 7(z1,...,24) = (11(21), 22, . .., z4) for a random character per-
mutation 77 : ¥ — 3. This scheme, needing only ¢ + 1 character lookups, is powerful enough for
concentration within an arbitrary interval.

Theorem 2.4. Let h: [u] — [r] be a tabulation-1permutation hash function with [u] = X¢ and
[r] = 24, ¢,d = O(1). Consider a key/ball set S C [u] of size n = |S| where each ball z € S
is assigned a weight w, € [0,1]. Choose arbitrary hash values y1,ys € [r] with y1 < ya. Define
X =3 tegWz - [y1 < h(x) < yo] to be the total weight of balls hashing to the interval [yi,ys2).
Then for any constant v > 0, X is strongly concentrated with added error probability 1/u?, where
the constants of the asymptotics are determined solely by c, d, and .

One application of Theorem [2:4] is in the following sampling scenario: We set y; = 0, and
sample all keys with h(z) < yo. Each key is then sampled with probability y» /7, and Theorem
gives concentration on the number of samples. In [ADK™21], to be discussed in the next section,
this is used for more efficient implementations of streaming algorithms.



2.1.3 Experiments

To better understand the real-world performance of our new hash functions in comparison with
well-known and comparable alternatives, we performed some simple experiments on regular lap-
tops. We carried out two types of experiments.

e On the one hand we compared with potentially faster hash functions with weaker or re-
stricted concentration bounds to see how much we lose in speed with our theoretically
strong tabulation-permutation hashing. We see that our tabulation-permutation is very
competitive in speed.

e On the other hand we compared with the fastest previously known hashing schemes with
strong concentration bounds like ours. Here we see that we gain a factor of 30 in speed.

The findings of the experiments are presented in Table For further details, see the full
manuscript in the appendix.

Running time (ms)
Computer 1 Computer 2
Hash function 32 bits | 64 bits | 32 bits | 64 bits
Multiply-Shift 4.2 7.5 23.0 36.5
2-Independent PolyHash 14.8 20.0 72.2 107.3
Simple Tabulation 13.7 17.8 53.1 55.9
Twisted Tabulation 17.2 26.1 65.6 92.5
Mixed Tabulation 28.6 68.1 120.1 236.6
Tabulation-1Permutation 16.0 19.3 63.8 67.7
Tabulation-Permutation 27.3 43.2 118.1 123.6
Double Tabulation 1130.1 — | 3704.1 -
“Random” (100-Independent PolyHash) | 2436.9 | 3356.8 | 7416.8 | 11352.6

Table 2.1: The time for different hash functions to hash 107 keys of length 32 bits and 64
bits, respectively, to ranges of size 32 bits and 64 bits. The experiment was carried out on two
computers. The hash functions written in italics are those without general Chernoff-style bounds.
Hash functions written in bold are the contributions of this paper. The hash functions in regular
font are known to provide Chernoff-style bounds. Note that we were unable to implement double
tabulation from 64 bits to 64 bits since the hash tables were too large to fit in memory.



2.2 Streaming with Strongly Concentrated Hashing

In this section, we present the paper “No Repetition: Fast Streaming with Highly Concentrated
Hashing” [ADK™21]. The section is composed of edited excerpts from |[ADK™21|. More specifi-
cally, Section is an edited excerpt of Section 1 of [ADK™21]; Section consists of edited
excerpts of Sections 2 and 3 of [ADK™21]; Section consists of edited excerpts of Section 5
of JADK™21]; and Section is an excerpt of Section 6 of [ADK™21].

2.2.1 Estimators and Repetitions

Recent years have brought with them a huge demand for algorithms that can process and compute
statistics on large streams of data. Common statistics of interest include the number of distinct
elements of a stream and the set similarity between two large sets. The sheer volume of the data
makes storing a complete copy of the stream and performing exact computations an impossible
task, and so, if the data is not processed in time, the information is lost. To solve this problem,
we therefore have to resort to estimation algorithms. For instance, instead of precisely counting
the number of unique visitors to a website, we may settle for a good estimate. In simple terms,
the goal of these estimation algorithms are as follows: For a data stream S and some statistic
F = F(S), we want an estimator F such that F € (1 + ¢)F with some high probability at least
1-9.

To get such an estimator, a common strategy is to design one that works with constant
probability, and then boost the probability using independent repetitions. In |[ADK™T21|, our
running example of such an algorithm is the classical algorithm of Bar-Yossef et al. [BYJK™02]
to estimate the number of distinct elements in a stream. Using strongly universal hashing to
process each element, we obtain an estimator such that the probability of getting too large an
error is at most a constant, e.g., 1/4. By performing r independent repetitions and taking the
median of the estimators, the error probability falls exponentially in r. However, running r
independent experiments increases the processing time by a factor r.

In [ADK™ 21|, we make the point that with a hash function with strong concentration bounds
at hand, such as the tabulation-permutation or tabulation-1permutation hashing schemes of the
previous section, we can get the same high probability bounds without any need for repetitions.
Instead of r independent sketches, we have a single sketch that is ©(r) times bigger, so the total
space is essentially the same. However, we only apply a single hash function, processing each
element in constant time regardless of r, and the overall algorithms just get simpler. The idea is
generic and can be applied to other algorithms.

2.2.2 Universal Hashing versus Strong Concentration

In this presentation, we shall not focus too closely on implementing algorithms for counting
distinct elements or set similarity, which is done in [ADK"21|. For such details, see the full
manuscript in the appendix. Instead, we shall describe how hashing with strong concentration
can be applied in general.

In [ADK™21], we consider a very common situation, where the crucial component of an
algorithm is a random hash function h: U — [0,1) mapping some key universe U, e.g. 64-bit
keys, uniformly into R = [0,1). The application is the following. Let S C U be a set of keys and
p € [0,1) a threshold value. We wish to compute the number X of keys of S that hash below p,
ie.

X =|{seS[h(s) <p}.



Here p could be an unknown function of S, but p should be independent of the random hash
function h. Since the mean p of = is E [X] = |S|p, we may estimate the size of S by X/p with
precision increasing in the concentration of X around its mean. In particular, we are interested
in the probability J that X deviates from p by more than a factor € > 0, i.e., the probability
6= Prl|X — pu| > epl.

If the hash function A is fully random, we get the classic Chernoff concentration bounds on
X (see, e.g, [MR95]):

Y

(1+¢e)p] < exp(—e®u/3) for 0 < e <1,

Pr[X
X < (1—¢e)u] <exp(—e?u/2) for 0 <e < 1.

Pr|

Unfortunately, we cannot implement fully random hash functions as it requires space as big as
the universe.

Strongly Universal Hashing. To get something implementable in practice, Wegman and
Carter [WC81] proposed strongly universal hashing.

Definition 2.5. [Strongly Universal Hashing] A hash function h: U — R is strongly universal
if for every pair of distinct keys z,y € U, the distribution of (h(z), h(y)) is uniform on R2.

Many common hash functions are strongly universal. The textbook example of a strongly
universal hash function hashing into [0,1) is the Multiply-Mod-Prime hash function [CW79].
Also worth mentioning is the Multiply-Shift hash function [DM92].

Assuming we have a strongly universal hash function h : U — [0,1), we again let X be the
number of elements from S that hash below p. Then p = E[X] = |S|p and because the hash
values are 2-independent, we have Var [X]| < E [X] = p. Therefore, by Chebyshev’s inequality,

Pr{IX — | > ep] < 1/(%). (2.7)

As €% gets large, we see that the error probability of strongly universal hashing is much
higher than the Chernoff bounds with fully random hashing. However, using the well-known
median trick, it is still possible to guarantee high concentration by aiming for a constant error
probability like 6 = 1/4 and then using the median over independent repetitions of the estimation
to reduce the error probability to something akin to and .

Strong Concentration with Tabulation-1Permutation. Using a hashing scheme with
strong concentration as per Definition instead, allows us to retain the beautiful concen-
tration bounds of the fully random hash function except with a small additive error probability.
Previously known hash functions such as k-wise PolyHash or double tabulation hashing are much
too slow for practical applications, and hence, this solution has not been properly considered.
Our introduction in [AKK™20| of the tabulation-1permutation hashing scheme changes this pic-
ture. As described in Section[2.1.3] tabulation-1permutation hashing exhibits speeds comparable
to some of the fastest universal hash functions. At the same time, it follows by Theorem
that for every v > 1 and 0 < € < 1, the estimator X implemented with tabulation-1permutation
satisfies the concentration inequality

Pr(|X — pu| > ep] < 2exp (—Q(0*C(ep/c?))) +1/|U|”
< 2exp (—=Q(uC(e))) + 1/ U]
< 2exp (—Q("u/3)) + 1/ U7,



where the second inequality follows by Lemma 3.4 of [AKKT20] and the fact that u > o2, and
the third inequality is equivalent to . Comparing with and , we see that up to a
constant factor in the exponent and the negligible term 1/|U|”, we get the same concentration
as with fully random hashing.

2.2.3 Experiments

In [ADK™21|, we demonstrate that our approach performs well in practice by performing ex-
periments showing the strength of Tabulation-1Permutation for counting distinct elements in a
stream. We compare with the fastest known strongly universal hash functions, Multiply-Mod-
Prime [CW79] and Multiply-Shift [DHKP97], and with other commonly used hash functions such
as MurmurHash3 [App16] and BLAKE3 [JOWO20]. Without the use of independent repetitions,
we demonstrate that Tabulation-1Permutation provides more reliable estimates than the fast
strongly universal hash functions. Moreover, the implementation with Tabulation-1Permutation
is faster than when using MurmurHash3 and BLAKE3. In fact, BLAKE3 was approximately
150 times slower than Tabulation-1Permutation, so we disregard it in our experiments. On the
other hand, the implementation with Tabulation-1Permutation is both faster and provides better
estimates than when implementing the algorithm with the strongly universal hash functions and
independent repetitions.

Remark. It is important to note that no amount of experiments can prove that a hashing
scheme performs well on all possible data, and finding problematic data sets for a given hash fam-
ily is often a non-trivial task?} The results from [AKK¥20] show that Tabulation-1Permutation
performs well on any possible data set with high probability. In other words, if implementing
the above streaming algorithms with Tabulation-1Permutation, we no longer have to cross our
fingers that the data sets encountered does not have hidden structure which interacts badly with
the hashing scheme. Furthermore, Tabulation-1Permutation is very fast, so this new guarantee
comes with no compromise on the speed of the algorithms.

In this presentation, we consider a subset of the experiments of [ADK™21| that compare
implementations of the bottom-k algorithm for counting distinct elements using tabulation-
1permutation, Multiply-Mod-Prime, Multiply-Shift, and MurmurHash3. The comparisons are on
the basis of speed and concentration. For a more comprehensive picture and other experimental
setups, see the full manuscript in the appendix.

First, we consider the case where none of the algorithms use repetitions to improve their
concentrations. The results are presented in Fig. 2.I] Here, we see that tabulation-1permutation
is slightly slower than the Multiply-Shift hashing scheme, but by less than a factor of three.
Furthermore, we see that the relative error of tabulation-1permutation stays nicely inside the
accepted range of error, while the universal hash functions Multiply-Mod-Prime and Multiply-
Shift have some large deviations in their estimates.

Second, we consider the case where the hash functions without strong concentration bounds
apply the median trick. The results are presented in Fig. Inspecting the results, we observe
that with repetitions, the Multiply-Mod-Prime and Multiply-Shift hashing schemes achieve con-
centration on par with tabulation-1permutation. However, the repetitions cause them both to
be significantly slower.

2For Multiply-Shift and Multiply-Mod-Prime, we have concrete examples of data sets on for which they fail.
Moreover, in [Bof12] the authors provide concrete bad data sets for MurmurHash3.
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Figure 2.1: Relative error and timing when estimating the number of distinct elements using
various hash functions on synthetic data. The experiments did not use independent repetitions.
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Figure 2.2: Relative error and timing when estimating the number of distinct elements using
various hash functions on synthetic data. The experiments applied the median trick for Multiply-
Shift and Multiply-Mod-Prime. The parameter r is the number of sketches maintained in parallel.
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2.2.4 Conclusion

In JADK™ 21|, we show that the use of hash functions with strong concentration bounds, like
Tabulation-1Permutation, can speed up streaming algorithms by avoiding time consuming inde-
pendent repetitions, and still provide accurate statistical estimates with high probability. Specif-
ically, we study algorithms for estimating the number of distinct elements in a stream and the
similarity between two large sets.

Our results are backed up by experiments. They show that widely used hash functions
like Multiply-Mod-Prime and Multiply-Shift yield inaccurate estimates when only maintaining a
single sketch. When boosting the success probability of Multiply-Shift and Multiply-Mod-Prime
using independent repetitions, the implementation with Tabulation-1Permutation both becomes
faster and still provides better estimates. Finally, the running time of Tabulation-1Permutation
is better than that of other commonly used hash functions like MurmurHash3, which provided
reliable estimates in our experiments but which have no similar general theoretical guarantees.
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Chapter 3

Graph Spectra and Expanders

Let G = (V, E) be a multigraph on n = |V| vertices. The adjacency matriz of G is the n x n
matrix Ag with rows and columns indexed by the set V' and where for any w,v € V, (4g)uw
is the number of edges between u and v. The spectrum of G is the spectrum of Ag, i.e., the
set of eigenvalues of Ag. The study of graph spectra, spectral graph theory, first emerged as a
purely mathematical subfield of graph theory, but has since found applications in several other
fields. As such it is a popular field of study within theoretical computer science. Among other
things, clues to the connectivity of a graph and the behaviour of random walks on a graph can
be determined from its spectrum. Both of these connections are something we shall touch upon
in this chapter.

A particularly interesting topic central to graph spectra is that of expander graphs and the
spectral gap. Suppose that G is connected and d-regular, meaning that each vertex of G has
degree exactly d € N. The n eigenvalues of Ag counted with multiplicity may be ordered as
AL > Ay > > A\, with Ay = d and Ay > X\o. Two quantities of interest are the spectral gap of G
given by d—Xo and the spectral expansion of G given by M(G) = maxa<;<n{|\i|} = max{is, [Ay|}.
These quantities reveal properties regarding the connectivity of G in the following senses.

First, the spectral gap bounds the Cheeger constant h(G), the largest real number satisfying
that for every set of vertices S C V, at least h(G) |S| edges connect S to the remaining graph.
Formally,

. oS
nE) = min '|S|'
0<|S|<n/2

where 05 denotes the edges in G from S to V'\ S. The Cheeger constant of a graph is also known
as its edge expansion. One of the iconic results of spectral graph theory relates the spectral gap
to the Cheeger constant. The larger the spectral gap, the larger the Cheeger constant and the
edge expansion.

Theorem 3.1 (Cheeger Inequality [Alo86], [SI89]). For every d-regular graph G,

%2(@ < W(G) < V/2d(d — Xo(G)).

Second, the spectral expansion A\(G) has many useful properties. The smaller A(G) is com-

pared with d, the smaller the mizing time of random walks on G and the faster the running time
of certain randomised algorithms. Especially beautiful is the following theorem, the expander
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mixing lemma, which bounds the number of edges between two subsets of vertices of G compared
with the expected number of such edges in a random d-regular graph. Here, for vertex subsets
A,B CV, E(A, B) denotes the set of edges between A and B in G.

Theorem 3.2 (Expander Mixing Lemma [AC88]). For every d-regular graph G = (V,E) and
every pair of subsets A,B C V,

24, 8) - B < ) TaT

Given vertex subsets A, B C V, the expected number of edges between A and B in a random
d-regular graph on V is exactly w. Thus, the expander mixing lemma can be interpreted
as saying that the smaller the spectral expansion A\(G), the closer the behaviour of G is to a
random d-regular graph. This is a key feature of good expander graphs. Random graphs have
many beautiful properties, but are not the static objects needed for algorithmic applications.
Expander graphs exhibit many of the same properties but can have succinct, static descriptions,

making them ideal for algorithmic applications.

In the sections to follow, the two papers “Support of Closed Walks and Second Eigenvalue
Multiplicity of Graphs” [MRS21| and “Expander Graphs are Non-Malleable Codes” [RS20] are
presented. The first explores the multiplicity of the second eigenvalue Ao as well as the connec-
tion between spectral graph theory and random walks on graphs. The second applies spectral
expander graphs and the expander mixing lemma to construct a cryptographic primitive called
a non-malleable code.
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3.1 Random Walks and the Multiplicity of the Second Graph
Eigenvalue

In this section, we present the paper “Support of Closed Walks and Second Eigenvalue Multi-
plicity of Graphs” [MRS21]. The section is composed of edited excerpts from sections 1 and 6 of
[MRS21].

As noted above, the eigenvalues of matrices associated with graphs play an important role
in many areas of mathematics and computer science. In their recent beautiful work on the
equiangular lines problem, Jiang, Tidor, Yao, Zhang, and Zhao |JTY 19| proved the following
novel result constraining the distribution of the adjacency eigenvalues of all connected graphs of
sufficiently low degree.

Theorem 3.3. If G is a connected graph of mazimum degree A on n vertices, then the multiplic-
ity of the second largest eigenvalue of its adjacency matriz Ag is bounded by O(nlog A/loglog(n)).

For their application to equiangular lines, [JTY 19| only needed to show that the multiplicity
of the second eigenvalue is o(n), but they asked whether the O(n/loglog(n)) dependence in
Theorem [3.3] could be improved, noting a huge gap between this and the best known lower
bound of Q(n'/3) achieved by certain Cayley graphs of PSL(2,p) (see [JTYF19. Section 4]).

Meanwhile, in the theoretical computer science community, the largest eigenvalues of the
normalized adjacency matrix Ag := Dél/QAgDél/z (for D¢ the diagonal matrix of degrees)
have received much attention over the past decade due to their relation with graph partitioning
problems and the unique games conjecture (see e.g. [Kollll BRS11l [LRTV12l I(GTI5, LOGTI4,
ABSTH, I BGH™ 15, [LOGIS]); in particular, many algorithmic tasks become easier on graphs with
few large normalized adjacency eigenvalues. Thus, it is of interest to know how many of these
eigenvalues there can be in the worst case.

3.1.1 Our Results

In [MRS21], we prove significantly stronger upper bounds than Theorem on the second
eigenvalue multiplicity for the normalized adjacency matrix. Order the eigenvalues of Ag as
AM(Ag) > Ma(Ag) > ... > M(Ag), and let mg(I) denote the number of eigenvalues of A¢g in an
interval I.

Theorem 3.4. If G is a connected graph of mazimum degree A on n vertices with Ay (flg) = Ao,

therl s
logloga n ~ A
(e ) s } (3.1)
log™’°n

Because of the relationship Ag = éAG when G is regular, gives a substantial improve-
ment on Theorem in the regular case (in the non-regular case, the results are incomparable as
they concern different matrices). In addition to the stronger O(n/ polylog(n)) bound, a notable
difference between our result and Theorem is that we control the number of eigenvalues in a
small interval containing A\o. Though we do not know whether the exponents in are sharp, we
show in [MRS21] that constant degree bipartite Ramanujan graphs have at least Q(n/log®?n)
eigenvalues in the interval appearing in , indicating that O(n/polylog(n)) is the correct
regime for the maximum number of eigenvalues in such an interval when A is constant.

LAll asymptotics are as n — oo and the notation 5() suppresses polyloglog(n) terms.
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Figure 3.1: For a regular graph composed of a near-clique attached to an infinite tree, a closed
walk of length 2k starting from within the near-clique does not typically go deeper than O(log k)
down the tree. However, the support of such a closed walk is typically £©M).

Theorem |3.4{is nontrivial for all A = 5(log1/ "n); as remarked in [JTYT19|, Paley graphs have
degree Q(n) and second eigenvalue multiplicity €2(n), so some bound on the degree is required
to obtain sublinear multiplicity.

The main new ingredient in the proof of Theorem [3.4] is a polynomial lower bound on the
support of (i.e., number of distinct vertices traversed by) a simple random walk of fixed length
conditioned to return to its starting point. The bound holds for any connected graph and any
starting vertex and may be of independent interest.

Theorem 3.5. Suppose G is connected and of mazimum degree A on n vertices and T is any
verter in G. Let v2¥ = (v = Xo, X1,..., Xox) denote a random walk of length 2k < n sampled
according to the simple random walk on G starting at x. Then

k 1 AN

P(support(v2¥) < s/ Xap = Xp) < exp <_65A754) for s< I <A7logA> . (32

In particular, this means that for constant A, the typical support of a closed random walk
of length 2k is least Q(k'/®). It may be tempting to compare Theorem with the familiar
fact that a random closed walk of length 2k on Z (or in continuous time, a standard Brownian
bridge run for time 2k) attains a maximum distance of Q(v/k) from its origin. However, as seen
in Fig. there are regular graphs for which a closed walk of length 2k from a particular vertex
2 travels a maximum distance of only polylog(k) with high probability. Theorem reveals
that nonetheless the number of distinct vertices traversed is always typically poly(k). We do not
know if the specific exponent of k'/5 supplied by Theorem is sharp, but considering a cycle
graph shows that it is not possible to do better than k'/2.

Given Theorem our proof of Theorem follows the strategy of [JTY™19]: since most
closed walks in G have large support, the number of such walks may be drastically reduced by
deleting a small number of vertices from G. By a moment calculation relating the spectrum to
self return probabilities and a Cauchy interlacing argument, this implies an upper bound on the
multiplicity of A (Ag) The crucial difference is that we are able to delete only n/ polylog(n)
vertices whereas they delete n/ poly loglog(n).
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3.1.2 Related Work and Open Problems

We conclude the presentation of [MRS21] with some related work and potential further research.

Eigenvalue Multiplicity. Despite the straightforward nature of the question, relatively little
is known about eigenvalue multiplicity of general graphs. As discussed in |[JTY™19|, if one
assumes that G is a bounded degree expander graph, then the bound of Theorem can be
improved to O(n/logn).

There is a large gap between our upper bound of O(n/ logl/ ®n) on the multiplicity of the
second eigenvalue and the lower bound of n'/% mentioned after Theorem It is very natural
to ask, whether the bound of this paper may be improved. To improve the bound beyond
O(n/ polylog(n)), however, it appears that a very different approach is needed.

Open Problem 1 (Similar to Question 6.3 of |[JTY19]). Let d > 1 be fized integer. Does there
exist an € > 0 such that for every connected d-reqular graph G on n vertices, the multiplicity of
the second largest eigenvalue of Ag is O(n'=¢)?

In the present paper, we rely on the trace method to bound eigenvalue multiplicity through
closed walks. There are three drawbacks to this approach that stops a bound on the second eigen-
value multiplicity below n/polylog(n). First, considering walks of length w(log(n)) makes the
top eigenvalue dominate the trace, leaving no information behind. Second, considering the trace
Tr A%, for k = O(log(n)) it is impossible to distinguish eigenvalues that differ by O(1/log(n)).
Third, in [MRS21], we give an example of graphs such that there are Q(n/polylog(n)) eigen-
values in a range of that size around the second eigenvalue. Thus, the trace method reaches a
natural barrier at n/ polylog(n).

Support of Walks. There are as far as we are aware no known lower bounds for the support
of a random closed walk of fixed length in a general graph (or even Cayley graph). It is relatively
easy to derive such bounds for bounded degree graphs if the length of the walk is sufficiently
larger than the mixing time of the simple random walk on the graph; the key feature of Theorem
which is needed for our application, is that the length of the walk can be taken to be much
smaller.

The support of open walks (namely removing the condition that the walk ends at the starting
point) is better understood. There are Chernoff-type bounds on the size of the support of a
random walk based on the spectral gap [Gil98, [Kah97]. Such bounds and their variants are an
important tool in derandomization. It is very natural to ask whether a bound on the support of
closed random walks could also have applications in theoretical computer science. We leave it as
an open problem to apply Theorem [3.5 in such a setting.

We have no reason to believe that the exponent of 1/5 appearing in Theorem is sharp.
In fact, we know of no example where where the answer is o(k'/2). An improvement over
Theorem would immediately yield an improvement of Theorem

Open Problem 2. Let d > 1 be a fized integer. Does there exist an « > 1/5 such that for
every connected d-regular graph G on n vertices and every vertex x of G, a random closed walk
of length 2k < n rooted at x has support Q(k*) in expectation? Is it even true for oo = 1/2% Does
such a bound hold for simple random walks in general?
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3.2 Non-Malleable Codes from Expander Graphs

In this section, we present the paper “Expander Graphs are Non-Malleable Codes” [RS20]. We
start by introducing non-malleable codes and then describe our results. The section consists of
edited excerpts from the introduction of [RS20].

A key goal in theoretical computer science is the identification of structures that exhibit
resilience to adversarial tampering. The classical notion in this space is that of an error-detection
or error-correction code, where we seek to ensure that tampering caused by an adversary that
can modify a bounded number of symbols in a codeword can be detected or corrected.

But what if the number of errors that an adversary can introduce is unbounded? The objective
of error detection or correction is clearly impossible to achieve in this setting — the adversary can
simply replace the transmitted codeword with an encoding of some other fixed value. Thus, the
main question of study in this context concerns the notion of malleability: informally speaking,
our core goal must be to prevent the adversary from replacing an encoding of a value x with an
encoding of some other related value & # x.

The central information-theoretic object in this setting is called a split-state non-malleable
code [DPW18]. Since their introduction in 2010 [DPW18§], split-state non-malleable codes have
been the subject of intense study within theoretical computer science [DPW18|, [DKO13| [ADL14!
CZ14,|ICGL16, [Li17]. A split-state non-malleable code [DPW18| consists of randomized encoding
and decoding algorithms (enc, dec). A message m € M is encoded as a pair of strings (L, R) €
{0,1}* x {0,1}*, such that dec(L, R) = m. An adversary then specifies an arbitrary pair of
functions g,h : {0,1}* — {0,1}*. The code is said to be non-malleable if, intuitively, the
message obtained as dec(g(L), h(R)) is “unrelated” to the original message m. This is formalised
as follows.

Definition 3.6. [Split-State Non-Malleable Code| Let a coding scheme (enc, dec) be given by
functions enc: M — £ x R and dec: L x R - M U {L}. We say that (enc,dec) is e-non-
malleable if for every pair of functions f: £ — £ and g: R — R there exists a distribution Dy ,
taking values in MU {_L, x} such that for every m € M, the statistical distance between the two
experiments

{ (L,R):=enc(m) }

A Output dec(f(L),g(R))
B:

Sample m from Dy 4
If m = * output m else output m

is at most €.

3.2.1 Our Results

All known constructions and proofs of security for explicit split-state non-malleable codes have
required complex mathematical proofs, and all known such proofs either directly or indirectly
used the mathematics behind constructions of two-source extractors [DKO13, [ADL14] [CZ14l
CGL16, [Lil7]. In fact, after constructing the first non-malleable code in the split-state model
Dziembowski, Kazana, and Obremski wrote: “This brings a natural question if we could show
some relationship between the extractors and the non-malleable codes in the split-state model.
Unfortunately, there is no obvious way of formalizing the conjecture that non-malleable codes
need to be based on extractors” [DKO13].

In [RS20|, we seek to establish new, simpler, foundations for the construction of split-state
non-malleable codes. We do so by answering in the negative the implicit conjecture of [DKO13];
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we show that it is not necessary to base constructions of non-malleable codes on the theory of
extractors. Instead, we construct a non-malleable code for single bit messages from expander
graphs, an object arguably simpler and more fundamental than two-source extractors.

Taking a regular graph G, we introduce in [RS20] a natural way to encode a single bit message.

Definition 3.7. [Graph Code] Let G = (V, E) be a graph. The graph code associated with G,
denoted (encg,decq), encodes a single bit b € {0, 1} as a pair of vertices of G as follows.

nea(b) = (u,v) < E, b=1
B =Y (w,0) o (VX V)\E, b=0,

)1, (uw,v) e E
dec(u,v) = {07 (u.0) ¢ E.

Here, X +, A signifies that X is sampled uniformly at random from the set A.

The main theorem of [RS20] states that if G is a sufficiently good spectral expander, the
graph code associated with G is non-malleable.

Theorem 3.8. Let G be a d-regular graph with spectral expansion \ satisfying n = Q(d®logd/\).
Then the single bit split-state non-malleable code (encg,decg) is O(A*/2 /d)-non-malleable.

3.2.2 Perspectives

Our main contribution is that the construction of non-malleable codes from expander graphs
opens up a new line of attack in the study of split-state non-malleable codes. It is important
to keep in mind that current constructions of non-malleable codes supporting messages of arbi-
trary length use many ideas pioneered in the construction of [DKO13|, in particular the use of
extractors. While we do not yet know how to generalise our results beyond single-bit messages,
we speculate that further investigation building upon our work will reveal a deeper connection
and more powerful simple constructions based on expanders.

It should be noted that two-source extractors are well-known to exhibit expansion proper-
ties; however, in all previous proofs, much more than mere expansion was used to argue non-
malleability. Indeed previous proofs apply extractors repeatedly. We also note that it is not
surprising that 1-bit non-malleable codes will exhibit some sort of expansion properties. Our con-
tribution is the converse: that good expansion is sufficient for the construction of non-malleable
codes.
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Chapter 4

Edge Connectivity in Graphs

Let G = (V, E) be a graph. A fundamental question in graph theory and algorithms is: Given
two vertices u,v € V, is there a path on G that starts at v and ends at v7 If this is the case, we
say that u and v are connected in G. This notion generalises in a natural way.

Definition 4.1. [k-Edge Connectivity] Let G = (V, E) be a graph. Two vertices u,v € V are
k-edge connected if there exists k distinct paths v1,...,v; on G each of them starting at v and
ending at v and no two of them sharing an edge.

Equivalently, © and v are k-edge connected in G if the removal of any k — 1 edges of G leave
u and v still connected. Being k-edge connected is an equivalence relation on the vertices of G,
and we call the corresponding equivalence classes the k-edge connected classes of G.

Taking a broader perspective, we say that the graph G itself is connected if every pair of
distinct vertices of G is connected. Generalising this notion as well, we say that G is k-edge
connected if every pair of vertices of G are k-edge connected. Equivalently, G is k-edge connected
if for every set S C F of |S| = k — 1 edges, G \ S is connected. Note that with this definition,
the trivial graph on a single vertex is k-edge connected.

Definition 4.2. [k-Edge Connected Component] Let G = (V,E) be a graph. An induced
subgraph H = G[U|,U C V, is a k-edge connected component of G if H is k-edge connected and
for every U C U’ C V the induced subgraph G[U’] is not k-edge connected.

In other words, a k-edge connected component of G is a maximal k-edge connected induced
subgraph of G. Since the trivial graph is k-edge connected, every vertex of GG is contained in a
k-edge connected component. Furthermore, every pair of distinct k-edge connected components
of a graph are disjoint. Thus, the k-edge connected components of G partition the vertices of G.

It is important to keep in mind the non-obvious distinction between k-edge connected classes
and components. For k = 1,2 the k-edge connected classes and components coincide, but for
k > 3 this is not necessarily the case. For an example with k = 3, see Fig.

In this chapter, we present the two papers “Optimal Decremental Connectivity in Non-Sparse
Graphs” |[AKL™21| and “k-Edge Connected Components and Minimum Degree” [ART21]. The
first considers the algorithmic problem of keeping track of the k-edge connected components of
a graph while edges are deleted one by one. The second studies how many k-edge connected
components a graph with high minimum degree may contain.

Remark 4.3. The work presented in this chapter partially overlaps with the master thesis
submitted by the author in September 2020 [Ras20]. The main results of [ART21] resemble
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a/ec\e
\d/~

Figure 4.1: The 3-edge connected classes of the above graph are {a, e}, {b}, {c}, and {d}, since a
and e are 3-edge connected by the paths through b, ¢, and d. The 3-edge connected components
of the graph are simply the individual vertices of the graph, since the subgraph induced by a
and e is not 3-edge connected (nor connected for that matter).

those presented in [Ras20]. However, the proofs have been rewritten, a significant error in
the main theorem has been fixed, and further observations have been added along with some
historical context. The research of |AKLT21] is a strong improvement over the work done in
[Ras20]. Most concretely, the algorithm of [Ras2(] is only feasible for graphs on n vertices
and m = Q(n?/? polylogn) edges, whereas the algorithm presented in [AKLT21] is feasible for all
graphs with m = Q(n polylogn) edges. Furthermore, while some of the central ideas from [Ras20]
appear in [AKL™21], a significant amount of work and new ideas have gone into strengthening
the results of [AKL™21].
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4.1 Maintaining k-edge Connected Components

In this section, we present the paper “‘Optimal Decremental Connectivity in Non-Sparse Graphs”
[AKL'21]. We start with an introduction to dynamic graph algorithms and dynamic k-edge con-
nectivity, proceed with an overview of previous results, and finally describe the results of the

paper.

The topic of this section is dynamic graph algorithms. A traditional (static) graph algorithm
takes as input a graph G = (V, F) and a query ¢ and outputs the answer to ¢ with respect to G.
For instance, a graph algorithm may be tasked with deciding if two vertices v and v are connected
in G. In contrast, a dynamic graph algorithm A receives as input a starting graph G followed by
a sequence of updates, uq, ..., us, each of which either removes or adds an edge to G. We denote
by G;,i > 0 the graph G after ¢ updates have been applied. The updates are interspersed with
queries ¢1, ..., qe. The task of A is to maintain a data structure such that when query ¢; occurs
immediately after update u;, A may respond with the answer to the query ¢; on G;. Note that
the updates and queries are received one at a time, so A is for instance oblivious to update u;41
when processing update u;. Adopting the example from the static graph algorithm, the queries
may be to decide whether a pair of vertices u and v are connected in G;. This is known as the
dynamic connectivity problem. In that case, A should maintain a data structure that makes such
queries quick to answer.

The performance of dynamic graph algorithms is measured in two ways: The update time and
the query time. If we denote by T'(u;) and T'(g;) the time taken to perform update u; and answer
query g;, the worst case update and query times will be max T'(u;) and maxT'(g;), respectively.
In our case, we will mostly work with amortised update time, %ZT(ul), i.e., the average time
taken to perform an update. In fact, since we are working with randomised algorithms, we
consider expected amortised update time.

Furthermore, dynamic graph algorithms come in three different flavours or settings. They
are the fully, decremental, and incremental dynamic graph algorithms. Fully dynamic graph
algorithms are as described above: an update is either the insertion or deletion of an edge.
Meanwhile, for decremental or incremental dynamic graph algorithms, respectively, we consider
the case where edges are only ever deleted or added. When measuring performance, we suppose
for the fully and incremental dynamic graph algorithms that the starting graph G is the empty
graph, and for decremental dynamic graph algorithms that all edges of G are eventually removed
such that the final graph G; is empty.

Dynamic connectivity is perhaps the most fundamental dynamic graph problem. In [AKL™21],
we consider this problem and the more general problem of k-edge connectivity, i.e., asking whether
vertices are k-edge connected rather than simply connected.

4.1.1 Overview of Previous Results

The world of dynamic connectivity is vast, so we will only briefly describe the relevant results
from the literature.

Fully Dynamic Connectivity. Fully dynamic connectivity is extremely well-studied (see e.g.,
|CGL™20, [EGIN97, [Fre85, [HK99, HALTO1, HHKP17, KKM13, KKPT16, NSW17, PD04, PTT11l
Tho00, Wan15, Wull3]) with near-optimal upper and lower bounds. We shall not dwell on
the lower bounds of Patragcu and Demaine [PD04] and Patragcu and Thorup [PTII] except to
say that any fully dynamic algorithm for connectivity with amortised update time o(logn) has
query time at least Q(n'~°(M). In other words, with amortised update time o(logn) we can
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’ k \ Amortised update time \ Worst case query time \ Source

1 O(log(n)log® log(n)) O(log(n)/loglog(n)) Huang et al. [HHKP17]
2 O(log?(n) log? log(n)) O(log(n)/loglog(n)) Holm, Rotenberg, and Thorup [HRT1S)|
log® V) (n) | no® ne) Jin and Sun [JS20]

Figure 4.2: The state of the art in randomised fully dynamic k-connectivity. It is worth noting
that up to factors of polyloglogn, the algorithm of Huang et al. exhibits an optimal trade of in
performance between update and query time. Furthermore, the n°") update time of Jin and
Sun is in fact worst case.

do almost no better on queries than to simply run a static connectivity algorithm. When it
comes to upper bounds, Fig. [£.2] displays the current state of the art for randomised algorithms.
For the purpose of this presentation, the results may be sufficiently summarised as follows. For
k =1,2, fully dynamic k-connectivity is solved with update and query time O(polylogn), while
for k = logo(l)(n), it may be solved with update and query time n°(%).

Incremental Dynamic Connectivity. Consider a setting where we start from an empty
graph and insert edges until we arrive at a graph G on n vertices and m edges, asking ¢ queries
along the way. Applying the union-find algorithm analysed by Tarjan [Tar75], we perform O(m+
q) find and O(n) union operations. The total cost is then O((m+q)a(m+gq,n)), where a denotes
the inverse-Ackermann function. Since a(aloga,a) = O(1), the total running time is linear in
m + ¢ (and hence optimal) for all graphs with m = Q(nlogn) edges. This has been shown to be
optimal for incremental dynamic connectivity [ES89).

Decremental Dynamic Connectivity. In [Tho99], Thorup presents an algorithm for the
problem of decremental dynamic connectivity. The algorithm answers queries in constant time
and the time spent performing the updates required to delete every edge of a graph G on n
vertices and m edges is O(n polylog n +mlog(n?/m)). In other word, the amortised update time
is O(1) for dense graphs with m = Q(n?) and O(logn) otherwise. This also holds for 2-edge
connectivity. For k-edge connectivity with k > 3, a slightly different result holds, which we will
get back to.

The algorithm by Thorup [Tho99] is in fact a reduction from the decremental dynamic k-
edge connectivity problem to the fully dynamic k-edge-cut problem and the fully dynamic k-edge
connectivity problem. The fully dynamic k-edge-cut problem is the problem of maintaining in
a graph H undergoing edge deletions and insertions an edge of H that is contained in a cut of
size < k if such an edge exists. We denote by Ty (n) the amortised update time needed to solve
the fully dynamic k-edge-cut problem. We have T7(n) = O(1) since for k = 1 there is nothing to
maintain, and, for k = 2, the algorithm of [HRT1§| featured in Fig. maintains the bridges of
the graph, so Ty(n) = O(log®(n) log® log(n)).

The reduction operates by maintaining a k-certificate of G.

Definition 4.4. [k-certificate] Let G be a graph. A subgraph H C G is a k-certificate for G if
the k-edge connected components of H and G are the same and H contains every edge of G that
connects distinct k-edge connected components.

A Ek-certificate H of G contains all information regarding k-edge connectivity of G. The
graph H has the same k-edge connected components and classes. Let G be a graph on n
vertices and m edges. The algorithm of Thorup [Tho99] maintains a k-certificate of G in total
time O(mlog(n?/m) + knTy(n) polylog(n)) using an algorithm for the fully dynamic k-edge-cut
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problem. Over the course of all deletions, a total of O(kn) edges are inserted in or deleted from the
certificate. To achieve an algorithm for decremental k-edge connectivity, we apply an algorithm
for fully dynamic k-edge connectivity to the certificate. For k € {1,2}, since the certificate
is only updated O(kn) times and the fully dynamic k-edge connectivity of [HHKP17, [HRT1S§]|
have polylogarithmic amortised update times, the total time to maintain decremental k-edge
connectivity is O(mlog(n?/m)+n polylogn). For k = logo(l) n, we may apply the fully dynamic
min-cut algorithm of Thorup [Tho07] which establishes Ty (n) = n'/?*°(1) along with the n°™")
update time of the fully dynamic k-edge connecitivty algorithm of [JS20] to obtain decremental
k-edge connectivity in total time O(mlog(n?/m) 4 n3/?t°(M) and query time O(n°")).

4.1.2 Better k-Certificate and Optimal Decremental Connectivity
In |[AKL™21|, we improve on the reduction of Thorup [Tho99] and get the following result.

Theorem 4.5. Let G be a graph on n vertices and m edges. There ezists a randomised algorithm
for decrementally maintaining a k-certificate of G in total time O(m—+ knTy(n) polylog(n)) using
O(knpolylog(n)) updates to the certificate.

This replaces the term O(mlog(n?/m)) in the running time of the algorithm of Thorup
[Tho99] with simply O(m). Applying the analysis above, this improvement immediately implies
the following.

Theorem 4.6. Let G be a graph on n vertices and m edges. There exist algorithms for the
decremental dynamic 1- and 2-edge connectivity problems on G with constant query time and
total update time O(n polylog(n) +m).

Thus, for every graph G on n vertices and m = (n polylog(n)) edges, we present an optimal
algorithms for for decremental dynamic 1- and 2-edge connectivity. In contrast, the algorithm of
Thorup [Tho99] is only optimal whenever m = Q(n?).

Furthermore, for k-edge connectivity, we obtain the following.

Theorem 4.7. Let G be a graph on n vertices and m edges. For k = logo(l)n, there exist
algorithms for the decremental dynamic k-edge connectivity problems on G with n°Y query time
and total update time O(n3/2T°() 4+ m).

A nice application of the results above is to the unique perfect matching problem. Gabow
et al. [GKTOI] use decremental dynamic 2-edge connectivity to yield an algorithm for deciding
whether a graph has a unique perfect matching. Plugging in Theorem immediately yields
the following.

Theorem 4.8. Let G be a graph on n vertices and m edges. There exists a Las Vegas algorithm
that decides in time O(n polylog(n) + m) whether G has a unique perfect matching.

Again, whenever G = Q(npolylog(n)), this is O(m) and thus, optimal.

As evident above, our overall approach to the problem of decremental k-edge connectivity is
similar to Thorup’s. Our main innovation is a new sparse randomised k-certificate which may be
maintained with O(1) amortised time spent per edge deletion in contrast to the O(log(n?/m))
required by the certificate of Thorup [Tho99]. Unfortunately, a discussion of the details of the
certificates is beyond this synopsis. We refer the reader to the full manuscript of [AKL'21| in
the appendix.
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4.1.3 Discussion

Given that we have near-optimal randomised algorithms for fully dynamic connectivity and an
optimal algorithm for incremental dynamic connectivity, it is very interesting that our work in
|JAKL™21| also comes very close to establishing an optimal algorithm for decremental dynamic
connectivity. Except for sparse graphs on m = O(npolylogn) edges, our algorithm solves the
question of randomised decremental dynamic connectivity. This raises the question of what
happens for sparser graphs.

Open Problem 3. What expected amortised update time can be achieved for graphs on n vertices
and m = O(npolylog(n)) edges for the problem of decremental dynamic connectivity?
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4.2 Counting k-edge Connected Components

In this section, we present the paper “k-Edge Connected Components and Minimum Degree”
[ART2I]. The following text consists of edited excerpts from Sections 1, 3, and 4 of [ART21].

All graphs in this section are simple. A key observation applied in |[AKL™21]| is that graphs
with high minimum degree § are well-connected. In particular, they have few k-edge connected
components whenever § > k. In [ART21], we further explore and quantify this phenomenon. It
is well-known that whenever a graph with a fixed number of vertices contains sufficiently many
edges, non-trivial k-edge connected components begin to emerge. This is the content of a classical
result by Mader.

Theorem 4.9 (Mader [Mad71]). Let k and n > k be positive integers. Every graph on n vertices
and strictly more than (k—1)(n—k/2) edges contains a non-trivial k-edge connected component.
Furthermore, there exists a graph on n vertices and (k—1)(n—k/2) edges containing only trivial
k-edge connected components.

We consider a related question, establishing a connection between the minimum degree and
the number of k-edge connected components of a graph. The main result of [ART21] is an upper
bound on the number of k-edge connected components.

Theorem 4.10. Let k > 1 be an integer and € > 0. Every graph on n vertices with minimum
degree (2+¢)(k — 1) has at most 52 distinct k-edge connected components.

We further show that this bound is tight in two ways. First, the upper bound is tight
asymptotically in the sense that for every integer k > 1 and € > 0, the maximal possible number
of k-edge connected components of a graph on some n vertices with minimum degree (2+¢)(k—1)
is © (Z). The lower bound establishing this is the content of another theorem of [ART21].

Theorem 4.11. For every integer k > 1 and every e > 1/(k— 1) there exists n € N and a graph
G with n vertices, minimum degree > (2 +¢)(k — 1), and at least 5% distinct k-edge connected
components.

Second, the limit at minimum degree 2(k — 1) proposed by the theorem is in fact tight in
the following sense. For fixed k > 1, there is a constant 4 < 1 such that every graph on some
n vertices with minimum degree 2k — 1 has at most dn distinct k-edge connected components.
However, there is no such constant for graphs of minimum degree 2(k — 1). This is laid out in
the following two propositions.

Proposition 4.12. Let G be a graph on n vertices. If G has minimum degree 2k — 1, the number

of distinct k-edge connected components of G is at most gz:}n

Proposition 4.13. For every integer k > 1 and real v € (0,1) there exists n € N and a graph G
on n vertices satisfying that G has minimum degree 2(k — 1) and the number of k-edge connected
components of G is at least yn.

Finally, we note that since this work was focused on establishing the asymptotic behaviour
of the number of k-edge connected components, the constants appearing in the theorems can
almost certainly be improved.

Open Problem 4. What are the right constants for the results of Theorem and Theo-

rem [ 117
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1 INTRODUCTION

Chernoft’s concentration bounds [12] date back to the 1950s but bounds of this types go even further back to Bernstein
in the 1920s [7]. Originating from the area of statistics they are now one of the most basic tools of randomized algorithms
[36]. A canonical form considers the sum X = 3" | X; of independent random variables X1, ..., X, € [0, 1]. Writing
p = E[X] it holds for every ¢ > 0 that

Pr[X > (1 + ¢)u] < exp(—p C(¢)) [ < exp(—e?u/3) for e < l] , (1)

Pr[X < (1 —¢)p] < exp(—p C(—¢)) [ < exp(—€2p/2) for e < 1] . (2)

Here C : (-1, 00) — [0, 00) is given by C(x) = (x + 1) In(x + 1) — x, so exp(-C(x)) = ﬁ. Textbook proofs of (1)
and (2) can be found in [36, §4]'. Writing 6 = Var [X], a more general bound is

Pr[|X — y| > t] < 2exp(-a2C(t/a?)) [ < 2exp(—(t/0)?/3) for t < o?]. ®3)

Since 02 < pand C(—¢) < 1.5C(e) for ¢ < 1, (3) is at least as good as (1) and (2), up to constant factors, and often
better. In this work, we state our results in relation to (3), known as Bennett’s inequality [6].

Hashing is another fundamental tool of randomized algorithms dating back to the 1950s [23]. A random hash function,
h: U — R, assigns a hash value, h(x) € R, to every key x € U. Here both U and R are typically bounded integer ranges.
The original application was hash tables with chaining where x is placed in bin A(x), but today, hash functions are
ubiquitous in randomized algorithms. For instance, they play a fundamental role in streaming and distributed settings
where a system uses a hash function to coordinate the random choices for a given key. In most applications, we require

concentration bounds for one of the following cases of increasing generality.

(1) Let S € U be a set of balls and assign to each ball, x € S, a weight, wx € [0, 1]. We wish to distribute the balls of
Sinto aset of bins R = [m] = {0,1,...,m—1}. Forabin, y € [m], X = Y xes Wx - [A(x) = y] is then the total
weight of the balls landing in bin y.

(2) We may instead be interested in the total weight of the balls with hash values in the interval [y;, y2) for some
y1,y2 € [m], thatis, X = Yy cs wx - [y1 < h(x) < y2].

(3) More generally, we may consider a fixed value functionv: UXR — [0, 1]. For each key x € U, we define the random
variable X = v(x, h(x)), where the randomness of X, stems from that of h(x). We write X = Y, cyy v(x, h(x))

for the sum of these values.

To exemplify applications, the first case is common when trying to allocate resources; the second case arises in streaming
algorithms; and the third case handles the computation of a complicated statistic, X, on incoming data. In each case, we
wish the variable X to be concentrated around its mean, ; = E [X], according to the Chernoff-style bound of (3). If we
had fully random hashing, this would indeed be the case. However, storing a fully random hash function is infeasible.
The goal of this paper is to obtain such concentration with a practical constant-time hash function. More specifically,
we shall construct hash functions that satisfy the following definition when X is a random variable as in one of the

three cases above.

Definition 1 (Strong Concentration). Let h: [u] — [m] be a hash function, S C [u] be a set of hash keys of size
n = |S|,and X = X(h, S) be a random variable, which is completely determined by h and S. Denote by p = E [X] and
02 = Var [X] the expectation and variance of X. We say that X is strongly concentrated with added error probability

The bounds in [36, §4] are stated as working only for X; € {0, 1}, but the proofs can easily handle any X; € [0, 1].
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f(u,n, m) if for every t > 0,
Pr(|X — | 2 t] < O (exp (-Q(02C(t/c?))) + f(u,n, m). (4)

Throughout the paper we shall prove properties of random variables that are determined by some hash function. In
many cases, we would like these properties to continue to hold while conditioning the hash function on its value on

some hash key.

Definition 2 (Query Invariant). Let h: [u] — [m] be a hash function, let X = X (h) be a random variable determined
by the outcome of h, and suppose that some property T is true of X. We say that the property is query invariant if
whenever we choose x € [u] and y € [m] and consider the hash function &’ = (h|h(x) = y), i.e., h conditioned on

h(x) = y, property T is true of X" = X (h’).

Remark. For example, consider the case (1) from above. We are interested in the random variable X = ¢ wx - [A(x) =
y]. Suppose that for every choice of weights, (wx)xes, X is strongly concentrated and that this concentration is query
invariant. Let xo € [u] be a distinguished query key. Then since for every yo € [m], the hash function b’ = (h|h(xg) = yo)
satisfies that X’ = Y, cs wy - [A'(x) = yo] is strongly concentrated, it follows that X"/ = ¥, cs wx - [h(x) = h(x)] is
strongly concentrated. Thus, h allows us to get Chernoff-style concentration on the weight of the balls landing in the
same bin as x.

This may be generalized such that in the third case from above, the weight function may be chosen as a function
of h(xp). Thus, the property of being query invariant is very powerful. It is worth noting that the constants of the
asymptotics may change when conditioning on a query. Furthermore, the expected value and variance of X’ may differ

from that of X, but this is included in the definition.

One way to achieve Chernoff-style bounds in all of the above cases is through the classic k-independent hashing
framework of Wegman and Carter [48]. The random hash function 4 : U — R is k-independent if for any k distinct
keys x1,...,xx € U, (h(x1),...,h(x)) is uniformly distributed in Rk. Schmidt and Siegel [43] have shown that
with k-independence, the above Chernoff bounds hold with an added error probability decreasing exponentially in k.
Unfortunately, a lower bound by Siegel [44] implies that evaluating a k-independent hash function takes Q(k) time
unless we use a lot of space (to be detailed later).

Patrascu and Thorup have shown that Chernoff-style bounds can be achieved in constant time with tabulation based
hashing methods; namely simple tabulation [38] for the first case described above and twisted tabulation [41] for all
cases. However, their results suffer from some severe restrictions on the expected value, y, of the sum. More precisely,
the speed of these methods relies on using space small enough to fit in fast cache, and the Chernoff-style bounds [38, 41]
all require that p is much smaller than the space used. For larger values of p, Patrascu and Thorup [38, 41] offered
some weaker bounds with a deviation that was off by several logarithmic factors. It can be shown that some of these
limitations are inherent to simple and twisted tabulation. For instance, they cannot even reliably distribute balls into
m = 2 bins, as described in the first case above, if the expected number of balls in each bin exceeds the space used.

In this paper, we construct and analyse a new family of fast hash functions tabulation-permutation hashing that has
Chernoff-style concentration bounds like (3) without any restrictions on p. This generality is important if building
a general online system with no knowledge of future input. Later, we shall give concrete examples from streaming
where p is in fact large. Our bounds hold for all of the cases described above and all possible inputs. Furthermore,
tabulation-permutation hashing is an order of magnitude faster than any other known hash function with similar

concentration bounds, and almost as fast as simple and twisted tabulation. We demonstrate this both theoretically and



Fast Hashing with Strong Concentration Bounds 3

experimentally. Stepping back, our main theoretical contribution lies in the field of analysis of algorithms, and is in
the spirit of Knuth’s analysis of linear probing [29], which shows strong theoretical guarantees for a very practical
algorithm. We show that tabulation-permutation hashing has strong theoretical Chernoff-style concentration bounds.
Moreover, on the practical side, we perform experiments, summarized in Table 1 of Section 1.7, demonstrating that it is
comparable in speed to some of the fastest hash functions in use, none of which provide similar concentration bounds.

When talking about hashing in constant time, the actual size of the constant is of crucial importance. First, hash
functions typically execute the same instructions on all keys, in which case we always incur the worst-case running
time. Second, hashing is often an inner-loop bottle-neck of data processing. Third, hash functions are often applied in
time-critical settings. Thus, even speedups by a multiplicative constant are very impactful. As an example from the
Internet, suppose we want to process packets passing through a high-end Internet router. Each application only gets
very limited time to look at the packet before it is forwarded. If it is not done in time, the information is lost. Since
processors and routers use some of the same technology, we never expect to have more than a few instructions available.
Slowing down the Internet is typically not an option. The papers of Krishnamurthy et al. [30] and Thorup and Zhang
[47] explain in more detail how high speed hashing is necessary for their Internet traffic analysis. Incidentally, our hash
function is a bit faster than the ones from [30, 47], which do not provide Chernoff-style concentration bounds.

Concrete examples of the utility of our new hash-family may be found in [1]. In [1] it is shown that some classic
streaming algorithms enjoy very substantial speed-ups when implemented using tabulation-permutation hashing;
namely the original similarity estimation of Broder [8] and the estimation of distinct elements of Bar-Yossef et al. [5].
The strong concentration bounds makes the use of independent repetitions unnecessary, allowing the implementations
of the algorithms to be both simpler and faster. We stress that in high-volume streaming algorithms, speed is of critical
importance.

Tabulation-permutation hashing builds on top of simple tabulation hashing, and to analyse it, we require a new and
better understanding of the behaviour and inherent limitations of simple tabulation, which we proceed to describe.

Afterwards we break these limitations by introducing our new powerful tabulation-permutation hashing scheme.

1.1 Simple Tabulation Hashing

Simple tabulation hashing dates back to Zobrist [49]. In simple tabulation hashing, we consider the key domain U to be
of the form U = 3¢ for some character alphabet ¥ and ¢ = O(1), such that each key consists of ¢ characters of 3. Let
m = 2¢ be given and identify [m] = {0,1,...,m — 1} with [2]¢. A simple tabulation hash function, h: 3¢ — [m], is then
defined as follows. For each j € {1,...,c} store a fully random character table &;: % — [m] mapping characters of the
alphabet X to £-bit hash values. To evaluate h on akey x = (x1,...,xc) € ¢, we compute h(x) = h1(x1) ® - - - ® he(xe),
where @ denotes bitwise XOR — an extremely fast operation. With character tables in cache, this scheme is the fastest
known 3-independent hashing scheme [38]. We will denote by u = |U| the size of the key domain, identify U = ¢ with
[u], and always assume the size of the alphabet, |3|, to be a power of two. For instance, we could consider 32-bit keys
consisting of four 8-bit characters. For a given computer, the best choice of ¢ in terms of speed is easily determined
experimentally once and for all, and is independent of the problems considered.

Let S C U and consider hashing n = |S| weighted balls or keys into m = 2¢ bins using a simple tabulation function,

h: [u] — [m], in line with the first case mentioned above. We shall prove the theorem below.

THEOREM 1.1. Let h: [u] — [m] be a simple tabulation hash function with [u] = ¢, ¢ = O(1). Let S C [u] be given of
size n = |S| and assign to each key/ball x € S a weight wy € [0,1]. Lety € [m], and define X = Y,y ecs wx - [A(x) = y] to
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be the total weight of the balls hashing to bin y. Then for any constant y > 0, X is strongly concentrated with added error
probability n/mY , where the constants of the asymptotics are determined solely by ¢ and y. Furthermore, this concentration

is query invariant.

In Theorem 1.1, we note that the expectation, y = E [X], and the variance, 0% = Var [X], are the same as if h were
a fully random hash function since h is 3-independent. This is true even when conditioning on the hash value of a
query key having a specific value. The bound provided by Theorem 1.1 is therefore the same as the variance based
Chernoff bound (3) except for a constant delay in the exponential decrease and an added error probability of n/mY.
Since 02 < p, Theorem 1.1 also implies the classic one-sided Chernoff bounds (1) and (2), again with the constant delay
and the added error probability as above, and a leading factor of 2.

Patrascu and Thorup [38] proved an equivalent probability bound, but without weights, and, more importantly,
with the restriction that the number of bins m > n!~1/(2¢) In particular, this implies the restriction y < |%|!/2. Our
new bound gives Chernoff-style concentration with high probability in n for any m > n®, ¢ = Q(1). Indeed, letting
v’ = (y + 1)/e, the added error probability becomes n/m'’ < 1/n .

However, for small m the error probability n/mY is prohibitive. For instance, unbiased coin tossing, corresponding to
the case m = 2, has an added error probability of n/2¥ which is useless. In Section 8, we will show that it is inherently
impossible to get good concentration bounds using simple tabulation hashing when the number of bins m is small. To
handle all instances, including those with few bins, and to support much more general Chernoff bounds, we introduce a

new hash function: tabulation-permutation hashing.

1.2 Tabulation-Permutation Hashing

We start by defining tabulation-permutation hashing from X¢ to 34 with ¢,d = O(1). A tabulation-permutation hash

function h: 3¢ — 39 is given as a composition, h = 7 o g, of a simple tabulation hash function g: 3¢ — =% and a

permutation 7: 34 - 54 The permutation is a coordinate-wise fully random permutation: for each j € {1,...,d}, pick
a uniformly random character permutation z; : ¥ — 3. Now, 7 = (71,. .., 74) in the sense that for z = (z1,...,24) € Zd,
7(2z) = (11 (21),...,74 (z4)). In words, a tabulation-permutation hash function hashes ¢ characters to d characters

using simple tabulation, and then randomly permutes each of the d output characters. As is, tabulation-permutation
hash functions yield values in 34, but we will soon see how we can hash to [m] for any m € N.

If we precompute tables T;: & — =%, where

i-1 d—i
—_—— —_——
Ti(zi) =10,...,0,7i(z;),0,...,0|, z;j€X,
then 7(z1,....24) = T1(z1) ® - - - ® Ty(z4). Thus, 7 admits the same implementation as simple tabulation, but with a

special distribution on the character tables. If in particular d < ¢, the permutation step can be executed at least as fast
as the simple tabulation step.
Our main result is that with tabulation-permutation hashing, we get high probability Chernoff-style bounds for the

third and most general case described in the beginning of the introduction.

THEOREM 1.2. Let h: [u] — [r] be a tabulation-permutation hash function with [u] = 3¢ and [r] = 4 ¢,d = 0(1).
Let v: [u] X [r] — [0,1] be a fixed value function that to each key x € [u] assigns a value X5 = v(x, h(x)) € [0, 1]
depending on the hash value h(x) and define X = Y, c[y] Xx- For any constanty > 0, X is strongly concentrated with
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added error probability 1/uY , where the constants of the asymptotics are determined solely by c, d, and y. Furthermore, this

concentration is query invariant.

Tabulation-permutation hashing inherits the 3-independence of simple tabulation, so as in Theorem 1.1, y = E [X]
and o2 = Var [X] have exactly the same values as if 1 were a fully-random hash function. Again, this is true even when
conditioning on the hash value of a query key having a specific value.

Tabulation-permutation hashing allows us to hash into m bins for any m € N (not necessarily a power of two)
preserving the strong concentration from Theorem 1.2. To do so, simply define the hash function h™: [u] — [m] by
h™(x) = h(x) mod m. Relating back to Theorem 1.1, consider a set S C U of n balls where each ball x € S has a weight
wy € [0, 1] and balls x outside S are defined to have weight wy = 0. To measure the total weight of the balls landing in

a given bin y € [m], we define the value function v(x, z) = wx - [z mod m = y]. Then

X= ) veh(x)= ) we [h"(x) =]
x€lu] x€S
is exactly the desired quantity and we get the concentration bound from Theorem 1.2. Then the big advantage of
tabulation-permutation hashing over simple tabulation hashing is that it reduces the added error probability from n/mY
of Theorem 1.1 to the 1/u¥ of Theorem 1.2, where u is the size of the key universe. Thus, with tabulation-permutation
hashing, we actually get Chernoff bounds with high probability regardless of the number of bins.

Patragcu and Thorup [41] introduced twisted tabulation that like our tabulation-permutation achieved Chernoff-style
concentration bounds with a general value function v. Their bounds are equivalent to those of Theorem 1.2, but only
under the restriction p < |2/1=2() To understand how serious this restriction is, consider again tossing an unbiased
coin for each key x in a set S C [u], corresponding to the case m = 2 and p = |S|/2. With the restriction from [41], we
can only handle |S| < 2 |=12(M) but recall that T is chosen small enough for character tables to fit in fast cache, so
this rules out any moderately large data set. We are going to show that for certain sets S, twisted tabulation has the
same problems as simple tabulation when hashing to few bins. This implies that the restrictions from [41] cannot be
lifted with a better analysis.

|1=2() is. For unbounded 4,

Patrascu and Thorup [41] were acutely aware of how prohibitive the restriction y < |2
they proved a weaker bound; namely that with twisted tabulation hashing, X = y + O(c(log u)¢*!) with probability
1 —u~Y for any y = O(1). With our tabulation-permutation hashing, we get X = p + O(o(log u)1/2) with the same
high probability, 1 — u~Y. Within a constant factor on the deviation, our high probability bound is as good as with
fully-random hashing.

More related work, including Siegel’s [44] and Thorup’s [45] highly independent hashing will be discussed in Sec-

tion 1.7.

1.3 Tabulation-1Permutation

Above we introduced tabulation-permutation hashing which yields Chernoff-style bounds with an arbitrary value
function. This is the same general scenario as was studied for twisted tabulation in [41]. However, for almost all
applications we are aware of, we only need the generality of the second case presented at the beginning of the
introduction. Recall that in this case we are only interested in the total weight of the balls hashing to a certain interval.
As it turns out, a significant simplification of tabulation-permutation hashing suffices to achieve strong concentration

bounds. We call this simplification tabulation-I1permutation. Tabulation-permutation hashing randomly permutes each
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of the d output characters of a simple tabulation function g: £¢ — 34 Instead, tabulation-1permutation only permutes
the most significant character.

More precisely, a tabulation-1permutation hash function h: ¢ — »?isa composition, h = 7 og, of a simple tabulation
function, g: 3¢ — Zd, and a random permutation, 7: xd Zd, of the most significant character, 7(z1,...,z4) =
(r1(21), 22, . . ., zg) for a random character permutation 71: £ — 2.

To simplify the implementation of the hash function and speed up its evaluation, we can precompute a table
T:3 — 39 such that for z; € 3,

d-1

—_——
T(z1) =|z1 ® 11(21),0,...,0].

Thenif g(x) =z = (z1,...,24), h(x) = z® T(z1).
This simplified scheme, needing only ¢ + 1 character lookups, is powerful enough for concentration within an

arbitrary interval.

THEOREM 1.3. Let h: [u] — [r] be a tabulation-1permutation hash function with [u] = 3¢ and [r] = 34, ¢,d = 0(1).
Consider a key/ball set S C [u] of size n = |S| where each ball x € S is assigned a weight wy € [0,1]. Choose arbitrary
hash values y1,y2 € [r] withys < ya2. Define X = Y es Wx - [y1 < h(x) < y2] to be the total weight of balls hashing to
the interval [y1,y2). Then for any constant y > 0, X is strongly concentrated with added error probability 1/u¥ , where the

constants of the asymptotics are determined solely by c, d, and y. Furthermore, this concentration is query invariant.

One application of Theorem 1.3 is in the following sampling scenario: We set y; = 0, and sample all keys with
h(x) < yo. Each key is then sampled with probability y,/r, and Theorem 1.3 gives concentration on the number of
samples. In [1] this is used for more efficient implementations of streaming algorithms.

Another application is efficiently hashing into an arbitrary number m < r of bins. We previously discussed using
hash values modulo m, but a general mod-operation is often quite slow. Instead we can think of hash values as fractions
h(x)/r € [0,1). Multiplying by m, we get a value in [0, m), and the bin index is then obtained by rounding down to the
nearest integer. This implementation is very efficient because r is a power of two, r = 2b, so the rounding is obtained
by a right-shift by b bits. To hash a key x to [m], we simply compute A" (x) = (h(x) * m) >>b. Then x hashes to bin
d € [m] ifand only if d € [y1,y2) C [r] where y; = |rd/m] and y2 = | r(d + 1)/m], so the number of keys hashing to a
bin is concentrated as in Theorem 1.3. Moreover, h™ uses only ¢ + 1 character lookups and a single multiplication in

addition to some very fast shifts and bit-wise Boolean operations.

1.4 Subpolynomial Error Probabilities

In Theorem 1.2 and 1.3, we have Pr[|X — | > t] = O(exp(—=Q(c2C(t/5?)))) + 1/u¥ which holds for any fixed y. The
value of y affects the constant hidden in the Q-notation delaying the exponential decrease. In Section 8, we will show
that the same bound does not hold if y is replaced by any slow-growing but unbounded function. Nevertheless, it follows
from our analysis that for every (1) = w(1) there exists f(u) = w(1) such that whenever exp(—a2C(t/c?)) < 1/ue@),
Pr(|IX — | > t] < 1/uP®),

1.5 Generic Remarks on Universe Reduction and Amount of Randomness

The following observations are fairly standard in the literature. Suppose we wish to hash a set of keys S belonging to

some universe U. The universe may be so large compared to S that it is not efficient to directly implement a theoretically
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powerful hashing scheme like tabulation-permutation hashing. A standard first step is to perform a universe reduction,
mapping U randomly to “signatures” in [1] = {0,1,...,u — 1}, where u = n°(), e.g. u = n?, so that no two keys from S
are expected to get the same signature [9]. As the only theoretical property required for the universe reduction is a low
collision probability, this step can be implemented using very simple hash functions as described in [46]. In this paper,
we generally assume that this universe reduction has already been done, if needed, hence that we only need to deal
with keys from a universe [u] of size polynomial in n. For any small constant ¢ > 0 we may thus pick ¢ = O(1/¢) such
that the space used for our hash tables, ©(|Z|), is O(n). Practically speaking, this justifies focusing on the hashing of
32- and 64-bit keys.

When we defined simple tabulation above, we said the character tables were fully random. However, for the all the
bounds in this paper, it would suffice if they were populated with a O(log u)-independent pseudo-random number
generator (PNG), so we only need a seed of O(log u) random words to be shared among all applications who want to
use the same simple tabulation hash function. Then, as a preprocesing for fast hashing, each application can locally fill
the character tables in O(|X|) time [13]. Likewise, for our tabulation permutation hashing, our bounds only require a
O(log u)-independent PNG to generate the permutations. The basic point here is that tabulation based hashing does
not need a lot of randomness to fill the tables, but only space to store the tables as needed for the fast computation of

hash values.

1.6 Techniques

The paper relies on three main technical insights to establish the concentration inequality for tabulation-permutation
hashing of Theorem 1.2. We shall here describe each of these ideas and argue that each is in fact necessary towards an

efficient hash function with strong concentration bounds.

1.6.1 Improved Analysis of Simple Tabulation. The first step towards proving Theorem 1.2 is to better understand the
distribution of simple tabulation hashing. We describe below how an extensive combinatorial analysis makes it possible
to prove a generalised version of Theorem 1.1.

To describe the main idea of this technical contribution, we must first introduce some ideas from previous work in
the area. This will also serve to highlight the inherent limitations of previous approaches. A simplified account is the
following. Let h: ¢ — [m] be a simple tabulation hash function, let y € [m] be given, and for some subset of keys
S c X6 let X = Y yes[h(x) = y] be the random variable denoting the number of elements x € S that have hash value
h(x) = y. Our goal is to bound the deviation of X from its mean y = |S| /m. We first note that picking a random simple
tabulation hash function h : 3¢ — [m] amounts to filling the ¢ character tables, each of size X, with uniformly random
hash values. Thus, picking a simple tabulation hash function A : ¢ — [m] corresponds to picking a uniformly random
hash function h: [c] X £ — [m]. We call [c] X X the set of position characters. Viewing a key x = (x1,...,x;) € Z€ asa
set of position characters, x = {(1,x1), ..., (¢, x¢)}, and slightly abusing notation, it then holds that h(x) = EBaEx h(a).
Now let a1, . .., ar be a (for the sake of the proof) well-chosen ordering of the position characters. For each k € [r + 1],
we define the random variable X, = E[X | h(a1), ..., h(ay)], where h(«;) is the value of the entry of the lookup table
of h corresponding to ;. The process (Xy); _, is then a martingale. We can view this as revealing the lookup table of h

one entry at a time and adjusting our expectation of the outcome of X accordingly. Defining the martingale difference
|2
k=1

Chernoff inequality for martingales as follows. Due to the nature of the ordering of {a;}]_,, we can find M > 0 such

that with high probability, |Yx| < M for every k. Then conditioned on each of the Yjs being bounded, X satisfies the

Yi = Xp — Xg_1, we can express X asasum X = g+ ), Yk. Previous work has then bounded the sum using a
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Chernoff bounds of (1) and (2) except the exponent is divided by M. As long as the expectation, y, satisfies y = O(|Z]), it
is possible? that M = O(1), yielding Chernoff bounds with a constant in the delay of the exponential decrease. However,
since there are only c - |X| variables, Yy, it is clear that M > p/(c - |2]). Thus, whenever y = w(|Z]), the delay of the
exponential decrease is super-constant, meaning that we do not get asymptotically tight Chernoff-style bounds. This
obstacle has been an inherent issue with the previous techniques in analysing both simple tabulation [38] as well
as twisted tabulation [41]. Being unable to bound anything beyond the absolute deviation of each variable Y, it is
impossible to get good concentration bounds for large expectations, p.

Going beyond the above limitation, we dispense with the idea of bounding absolute deviations and instead bound the
sum of variances, 6% = Z;jl Var [Y;]. This sum has a combinatorial interpretation relating to the number of collisions
of hash keys, i.e., the number of pairs y1,y, € ¢ with h(y1) = h(yz).

An extensive combinatorial analysis of simple tabulation hashing yields high-probability bounds on the sum of
variances that is tight up to constant factors. This is key in establishing an induction that allows us to prove Theorem 1.1.
Complementing our improved bounds, we will show that simple tabulation hashing inherently does not support

Chernoff-style concentration bounds for small m.

1.6.2  Permuting the Hash Range. Our next step is to consider the hash function h = 7 0 g: 3¢ — ¥ where g: ¢ — X is
a simple tabulation hash function and 7: ¥ — ¥ is a uniformly random permutation. Our goal is to show that h provides
good concentration bounds for any possible value function. To showcase our approach, we consider the example of
hashing to some small set, [m], of bins, e.g., with m = 2 as in our coin tossing example. This can be done using the
hash function h™: 3¢ — [m] defined by h™(x) = (h(x) mod m). For simplicity we assume that m is a power of two,
or equivalently, that m divides |X|. We note that the case of small m was exactly the case that could not be handled with
simple tabulation hashing alone.

Let us look at the individual steps of h"™. First, we use simple tabulation mapping into the “character bins”, .
The number of balls in any given character bin is nicely concentrated, but only because || is large. Next, perform a
permutation followed by the mod m operation. The last two steps correspond to the way we would deal a deck of |Z]
cards into m hands. The cards are shuffled by a random permutation, then dealt to the m players one card at a time in
cyclic order. The end result is that each of the final m bins is assigned exactly |X|/m random character bins. An important
point is now that because the partitioning is exact, the error in the number of balls in a final bin stems solely from the
errors in the |X|/m character bins, and because the partitioning is random, we expect the positive and negative errors
to cancel out nicely. The analysis, which is far from trivial, requires much more than these properties. For example,
we also need the bound described in Section 1.6.1 on the sum of variances. This bound ensures that not only is the
number of balls in the individual character bins nicely concentrated around the mean, but moreover, there is only a
small number of character bins for which the error is large. That these things combine to yield strong concentration,

not only in the specific example above, but for general value functions as in Theorem 1.2, is quite magical.

We finish the discussion by mentioning two approaches that do not work and highlight how a permutation solves the
issues of these strategies.

First, one may ask why we need the permutation at all. After all, the mod m operation also partitions the |X| character
bins into groups of the same size, |2|/m. The issue is that while a simple tabulation hash function, g : ¢ — X, has

good concentration in each of the individual character bins, the |X|/m character bins being picked out by the mod m

%In [38], the actual analysis of simple tabulation using this approach achieves u = O(V[Z]).
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operation constitute a very structured subset of %, and the errors from this set of bins could be highly correlated. We
indeed show that the structure of simple tabulation causes this to happen for certain sets of keys, both theoretically
(Section 8) and experimentally (Appendix A).

Second, the reader may wonder why we use a permutation, 7: ¥ — 3, instead of a random hash function as in double
tabulation [45]. In terms of the card dealing analogy, this would correspond to throwing the |X| cards at the m astonished
card players one at a time with a random choice for each card, not guaranteeing that the players each get the same
number of cards. And this is exactly the issue. Using a fully random hash function 7/, we incur an extra error stemming
from 7’ distributing the |3| character bins unevenly into the final bins. This is manifested in the variance of the number
of balls hashing to a specific bin: Take again the coin tossing example with n > |X| balls being distributed into m = 2
bins. With a permutation 7 the hash function becomes 2-independent, so the variance is the same as in the fully random
setting, n/4. Now even if the simple tabulation hash function, g, distributes the n keys into the character bins evenly,
with exactly n/% keys in each, with a fully random hash function, 7/, the variance becomes (n/|2])? - |Z|/4 = n?/(4|2]),
a factor of n/|X| higher.

1.6.3  Squaring the Hash Range. The last piece of the puzzle is a trick to extend the range of a hash function satisfying
Chernoff-style bounds. We wish to construct a hash function h: 3¢ — [m] satisfying Chernoff-style bounds for m
arbitrarily large as in Theorem 1.2. At first sight, the trick of the previous subsection would appear to suffice for the
purpose. However, if we let g = 7 o h be the composition of a simple tabulation hash function h: 3¢ — [m] and 7 a
random permutation of [m], we run into trouble if for instance [m] = X€. In this case, a random permutation of [m]
would require space equal to that of a fully random function f: 3¢ — [m], but the whole point of hashing is to use
less space. Hence, we instead prove the following. Let a: C — D and b: C — D be two independent hash functions
satisfying Chernoff-style bounds for general value functions. Then this property is preserved up to constant factors
under “concatenation”, i.e., if we let c: C — D? be given by c(x) = (a(x), b(x)), then c is also a hash function satisfying
Chernoff-style bounds for general value functions, albeit with a slightly worse constant delay in the exponential
decrease than a and b. Thus, this technique allows us to “square” the range of a hash function.

With this at hand, let hy, ha: ¢ — X be defined as h; = 71 0 g1 and hy = 13 o gy, Where g1,g2: 2¢ — X are simple
tabulation hash functions and 71, 72: £ — ¥ are random permutations. Then the concatenation h: 3¢ — 52 of hy and
hy can be considered a composition of a simple tabulation function g: ¢ — %2 given by g(x) = (g1(x), g2(x)) and a
coordinate-wise permutation 7 = (71, 72): 3% - 32, where the latter is given by 7(x1,x2) = (71(x1), 72(x2)), x1, %2 € 2.
Applying our composition result, gives that g also satisfies Chernoff-style bounds. Repeating this procedure [log(d)] =
O(1) times, yields the desired concentration bound for tabulation-permutation hashing h: 3¢ — %¢ described in
Theorem 1.2.

1.7 Related Work - Theoretical and Experimental Comparisons

In this section, we shall compare the performance of tabulation-permutation and tabulation-1permutation hashing with
other related results. Our comparisons are both theoretical and empirical. Our goal in this paper is fast constant-time

hashing having strong concentration bounds with high probability, i.e., bounds of the form
Pr[|X — y| = t] < 2exp(-Q(a?C(t/0?))) +u™?,

as in Definition 1 and Theorems 1.2 and 1.3, or possibly with o replaced by 1 > 2. Theoretically, we will only compare

with other hashing schemes that are relevant to this goal. In doing so, we distinguish between the hash functions that
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Running time (ms)
Computer 1 Computer 2
Hash function 32 bits | 64 bits | 32 bits | 64 bits
Multiply-Shift 42 75| 230 36.5
2-Independent PolyHash 14.8 20.0 72.2 107.3
Simple Tabulation 13.7 17.8 53.1 55.9
Twisted Tabulation 17.2 26.1 65.6 92.5
Mixed Tabulation 28.6 68.1 120.1 236.6
Tabulation-1Permutation 16.0 19.3 63.8 67.7
Tabulation-Permutation 27.3 43.2 118.1 123.6
Double Tabulation 1130.1 - | 3704.1 -
“Random” (100-Independent PolyHash) | 2436.9 | 3356.8 | 7416.8 | 11352.6

Table 1. The time for different hash functions to hash 107 keys of length 32 bits and 64 bits, respectively, to ranges of size 32 bits and 64
bits. The experiment was carried out on two computers. The hash functions written in italics are those without general Chernoff-style
bounds. Hash functions written in bold are the contributions of this paper. The hash functions in regular font are known to provide
Chernoff-style bounds. Note that we were unable to implement double tabulation from 64 bits to 64 bits since the hash tables were
too large to fit in memory.

Hash function Time | Space Concentration Guarantee | Restriction

Multiply-Shift o(1) | 0(1) Chebyshev’s inequality None

Requires k = Q(log u) for
added error probability O(1/u?)

k-Independent PolyHash O(k) | O(k) Chernoff-style bounds

Simple Tabulation O(c) | O@'/¢) | Chernoff-style bounds Added error probability: O(n/mY’)
Twisted Tabulation 0(c) | O(!/®) Chernoff-style bounds Requires: y < [z -1

Mixed Tabulation 0(c) | o) Chernoff-style bounds Requires: y = o(|2])
Tabulation-Permutation | O(c) | O(u!/€) | Chernoff-style bounds Added error probability: O(1/u?)
Double Tabulation 0(c?) | Ou!'/®) | Chernoff-style bounds Added error probability: O(1/uY)

Table 2. Theoretical time and space consumption of some of the hash functions discussed.

achieve Chernoff-style bounds with restrictions on the expected value and those that, like our new hash functions, do
so without such restrictions, which is what we want for all possible input. An overview of the theoretical guarantees
of the hash functions relevant to our discussion is presented in Table 2. Empirically, we shall compare the practical
evaluation time of tabulation-permutation and permutation-1permutation to the fastest commonly used hash functions
and to hash functions with similar theoretical guarantees. A major goal of algorithmic analysis is to understand the
theoretical behavior of simple algorithms that work well in practice, providing them with good theoretical guarantees
such as worst-case behavior. For instance, one may recall Knuth’s analysis of linear probing [29], showing that this very
practical algorithm has strong theoretical guarantees. In a similar vein, we not only show that the hashing schemes of
tabulation-permutation and tabulation-1permutation have strong theoretical guarantees, we also perform experiments,
summarized in Table 1, demonstrating that in practice they are comparable in speed to some of the most efficient hash
functions in use, none of which have similar concentration guarantees. Thus, with our new hash functions, hashing

with strong theoretical concentration guarantees is suddenly feasible for time-critical applications.

1.7.1 High Independence and Tabulation. Before this paper, the only known way to obtain unrestricted Chernoff-style

concentration bounds with hash functions that can be evaluated in constant time was through k-independent hashing.



Fast Hashing with Strong Concentration Bounds 11

Recall that a hash function h : U — R is k-independent if the distribution of (h(x1), . .., h(xy)) is uniform in R* for every
choice of distinct keys x1, . . ., x; € U. Schmidt, Siegel, and Srinivasan [43] have shown that with k-independent hashing,
we have Chernoff-style concentration bounds in all three cases mentioned at the beginning of the introduction up to an
added error probability decreasing exponentially in k. With k = ©(y log u), this means Chernoff-style concentration
with an added error probability of 1/u¥ like in Theorem 1.2 and 1.3. However, evaluating any k-independent hash
function takes time Q(k) unless we use a lot of space. Indeed, a cell probe lower bound by Siegel [44] states that
evaluating a k-independent hash function over a key domain [u] using t < k probes, requires us to use at least u'/? cells
to represent the hash function. Thus, aiming for Chernoff concentration through k-independence with k = Q(log u)

and with constant evaluation time, we would have to use 12

space like our tabulation-permutation. Here it should be
mentioned that k-independent PolyHash modulo a prime p can be evaluated at k points in total time O(k log? k) using
multipoint evaluation methods. Then the average evaluation time is O(log? k), but it requires that the hashing can be
done to batches of k keys at a time. We can no longer hash one key at a time, continuing with other code before we hash
the next key. This could be a problem for some applications. A bigger practical issue is that it is no longer a black box
implementation of a hash function. To understand the issue, think of Google’s codebase where thousands of programs
are making library calls to hash functions. A change to multipoint evaluation would require rewriting all of the calling
programs, checking in each case that batch hashing suffices — a huge task that likely would create many errors. A
final point is that multipoint evaluation is complicated to implement yet still not as fast as our tabulation-permutation

hashing. Turning to upper bounds, Siegel designed a w21/

-independent hash function that can be represented in
tables of size u!/¢ and evaluated in c©(©) time. With ¢ = O(1), this suffices for Chernoff-style concentration bounds by
the argument above. However, as Siegel states, the hashing scheme is “far too slow for any practical application”.

In the setting of Siegel, Thorup’s double tabulation [45] is a simpler and more efficient construction of highly
independent hashing. It is the main constant-time competitor of our new tabulation-permutation hashing, and yet it is
30 times slower in our experiments. In the following, we describe the theoretical guarantees of double tabulation hashing
and discuss its concrete parameters in terms of speed and use of space towards comparing it with tabulation-permutation
hashing.

A double tabulation hash function, h : 3¢ — € is the composition of two independent simple tabulation hash
functions hy : 3¢ — %4 and hy : ¢ — 3¢, h = hy o hy. Evaluating the function thus requires ¢ + d character lookups.
Assuming that each memory unit stores an element from [u] = ¢ and d > c, the space used for the character tables
is (c(d/c) + d)ul/c = 2dul/c. Thorup [45] has shown that if d > 6c, then with probability 1 — 0(22’”1/(2“)) over the
choice of hy, the double tabulation hash function # is k-independent for k = |$|1/(5¢) = 4,1/ ¢*). More precisely,
with this probability, the output keys (h1(x))xesec are distinct, and h; is k-independent when restricted to this set of
keys. If we are lucky to pick such an hy, this means that we get the same high indepence as Siegel [44]. With d = 6c,
the space used is 12cul/¢ = O(cul/¢) and the number of character lookups to compute a hash value is 7¢ = O(c).
Tabulation-permutation hashing is very comparable to Thorup’s double tabulation. As previously noted, it can be
implemented in the same way, except that we fill the character tables of hy with permutations and padded zeros instead
of random hash values. To compare, a tabulation-permutation hash function h: £¢ — %€ requires 2c lookups and uses
space 2cu'/¢, which may not seem a big difference. However, in the following, we demonstrate how restrictions on
double tabulation cost an order of magnitude in speed and space compared with tabulation-permutation hashing when
used with any realistic parameters.

1/(5¢%)

With Thorup’s double tabulation, for (log u)-independence, we need logu < |=|!/ Ge) =y . In choosing values

1/20

for u and c that work in practice, this inequality is very restrictive. Indeed, even for ¢ = 2, logu < u'/“°, which roughly
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implies that logu > 140. Combined with the fact that the character tables use space 12c|%|, and that |3| > (logu)°¢,
this is an intimidating amount of space. Another problem is the error probability over hy of 1 — o(32-/(20)) If we
want this to be O(1/u), like in the error bounds from Theorem 1.2 and 1.3, we need d > 2(c? + 2¢). Thus, while things
work well asymptotically, these constraints make it hard to implement highly independent double tabulation on any
normal computer. However, based on a more careful analysis of the case with 32-bit keys, Thorup shows that using
¢ = 2 characters of 16 bits, and d = 20 derived characters, gives a 100-independent hash function with probability
1—-1.5% 107#2. According to [45] we cannot use significantly fewer resources even if we just want 4-independence. For
hashing 32-bit keys, this means making 22 lookups for each query and using tables of total size 40 - 21. In contrast, if we
hash 32-bit keys with tabulation-permutation hashing, we may use 8-bit characters with d = ¢ = 4, thus making only 8
lookups in tables of total size 8§ - 28. For this setting of parameters, our experiments (summarized in Table 1) show that
double tabulation is approximately 30 times slower than tabulation-permutation hashing. For 64-bit keys, Thorup [45]
suggests implementing double tabulation with ¢ = 3 characters of 22 bits and d = 24. This would require 26 lookups in
tables of total size 48 - 2%2. We were not able to implement this on a regular laptop due to the space requirement.

We finally mention that Christani et al. [14] have presented a hash family which obtains the even higher independence

u(/¢) The scheme is, however, more complicated with a slower evaluation time of ©(clogc).

1.7.2  Space Bounded Independence and Chernoff Bounds. One of the earliest attempts of obtaining strong concentration
bounds via hashing is a simple and elegant construction by Dietzfelbinger and Meyer auf der Heide [19]. For some
parameters m, s, d, their hash family maps to [m], can be represented with O(s) space, and uses a (d + 1)-independent
hash function as a subroutine, where d = O(1), e.g., a degree-d polynomial. In terms of our main goal of Chernoff-style
bounds, their result can be cast as follows: Considering the number of balls from a fixed, but unknown, subset S C U,
with |S| = n, that hashes to a specific bin, their result yields Chernoff bounds like ours with a constant delay in the
exponential decrease and with an added error probability of n (%)d. The expected number of balls in a given bin is
{1 = n/m, so the added error probability is n(u /s)4. To compare with tabulation-permutation, suppose we insist on using
space O(|2|) and that we moreover want the added error probability to be ™V = [X|7¢Y like in Theorems 1.2 and 1.3.
With the hashing scheme from [19], we then need p = O(|=|*~7¢/4) If we want to be able to handle expectations of

|1/2, we thus need d > 2cy. For 64-bit key, ¢ = 8, and y = 1, say, this means that we need to evaluate a

order, e.g. |2
16-independent hash function. In general, we see that the concentration bound above suffers from the same issues
as those provided by Patragcu and Thorup for simple and twisted tabulation [38, 41], namely that we only have
Chernoff-style concentration if the expected value is much smaller than the space used.

Going in a different direction, Dietzfelbinger and Rink [20] use universe splitting to create a hash function that is
highly independent (building on previous works [21, 22, 25, 27]) but, contrasting double tabulation as described above,
only within a fixed set S, not the entire universe. The construction requires an upper bound n on the size of S, and a
polynomial error probability of n™7 is tolerated. Here y = O(1) is part of the construction and affects the evaluation
time. Assuming no such error has occurred, which is not checked, the hash function is highly independent on S. As
with Siegel’s and Thorup’s highly independent hashing discussed above, this implies Chernoff bounds without the
constant delay in the exponential decrease, but this time only within the fixed set S. In the same setting, Pagh and Pagh
[37] have presented a hash function that uses (1 + o(1))n space and which is fully independent on any given set S of size
at most n with high probability. This result is very useful, e.g., as part of solving a static problem of size n using linear
space, since, with high probability, we may assume fully-random hashing as a subroutine. However, from a Chernoff

bound perspective, the fixed polynomial error probability implies that we do not benefit from any independence above
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O(log n), using the aforementioned results from [43]. More importantly, we do not want to impose any limitations
to the size of the sets we wish to hash in this paper. Consider for example the classic problem of counting distinct
elements in a huge data stream. The size of the data stream might be very large, but regardless, the hashing schemes of
this paper will only use space O(u!/¢) with ¢ chosen small enough for hash tables to fit in fast cache.

Finally, Dahlgaard et al. [16] have shown that on a given set S of size |S| < |Z|/2 a double tabulation hash function,
h = hy o hy as described above, is fully random with probability 1 — |=|1~14/2] over the choice of h;. For an error
probability of 1/u, we set d = (2c + 2) yielding a hash function that can be evaluated with 3¢ + 2 character lookups
and using (4c + 4)|Z| space. This can be used to simplify the above construction by Pagh and Pagh [37]. Dahlgaard
et al. [16] also propose mixed tabulation hashing which they use for statistics over k-partitions. Their analysis is
easily modified to yield Chernoff-style bounds for intervals similar to our bounds for tabulation-1permuation hashing
presented in Theorem 1.3, but with the restriction that the expectation p is at most |2|/ logzc |>|. This restriction
is better than the earlier mentioned restictions y < |2|1/ 2 for simple tabulation [38] and p < |2|1_Q(1) for twisted
tabulation [41]. For mixed tabulation hashing, Dahlgaard et al. use 3¢ + 2 lookups and (5¢ + 4)|2| space. In comparison,

tabulation-1permutation hashing, which has no restriction on i, uses only ¢ + 1 lookups and (¢ + 1)|Z| space.

1.7.3  Small Space Alternatives in Superconstant Time. Finally, there have been various interesting developments
regarding hash functions with small representation space that, for example, can hash n balls to n bins such that the
maximal number of balls in any bin is O(log n/ loglog n), corresponding to a classic Chernoff bound. Accomplishing
this through independence of the hash function, this requires O(log n/loglog n)-independence and evaluation time
unless we switch to hash functions using a lot of space as described above. However, [10, 33] construct hash families
taking a random seed of O(log log n) words and which can be evaluated using O((loglog n)?) operations, still obtaining
a maximal load in any bin of O(log n/ loglog n) with high probability. This is impressive as it only uses a small amount
of space and a short random seed, though it does require some slightly non-standard operations when evaluating the
hash functions. The running time however, is not constant, which is what we aim for in this paper.

A different result is by [26] who construct hash families which hash n balls to 2 bins. They construct hash families
that taking a random seed of O((loglog n)?) words get Chernoff bounds with an added error probability of n~¥ for
some constant y, which is similar to our bounds. Nothing is said about the running time of the hash function of [26].
Since one of our primary goals is to design hash functions with constant running time, this makes the two results

somewhat incomparable.

1.7.4  Experiments and Comparisons. To better understand the real-world performance of our new hash functions in
comparison with well-known and comparable alternatives, we performed some simple experiments on regular laptops,

as presented in Table 1. We did two types of experiments.

e On the one hand we compared with potentially faster hash functions with weaker or restricted concentration
bounds to see how much we lose in speed with our theoretically strong tabulation-permutation hashing. We
shall see that our tabulation-permutation is very competitive in speed.

o On the other hand we compared with the fastest previously known hashing schemes with strong concentration

bounds like ours. Here we will see that we gain a factor of 30 in speed.

Concerning weaker, but potentially faster, hashing schemes we have chosen two types of hash functions for the
comparison. First, we have the fast 2-independent hash functions multiply-shift (with addition) and 2-independent

PolyHash. They are among the fastest hash functions in use and are commonly used in streaming algorithms. It should
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be noted that when we use 2-independent hash functions, the variance is the same as with full randomness, and it may
hence suffice for applications with constant error probability. Furthermore, for data sets with sufficient entropy, Chung,
Mitzenmacher, and Vadhan [15] show that 2-independent hashing suffices. However, as previously mentioned, we want
provable Chernoff-style concentration bounds of our hash functions, equivalent up to constant factors to the behavior of
a fully random hash function, for any possible input. Second, we have simple tabulation, twisted tabulation, and mixed
tabulation, which are tabulation based hashing schemes similar to tabulation-1permutation and tabulation-permutation
hashing, but with only restricted concentration bounds. It is worth noting that Dahlgaard, Knudsen, and Thorup [17]
performed experiments showing that the popular hash functions MurmurHash3 [3] and CityHash [40] along with the
cryptographic hash function Blake2 [4] all are slower than mixed tabulation hashing, which we shall see is even slower
than permutation-tabulation hashing. These hash functions are used in practice, but given that our experiments show
mixed tabulation to be slightly slower than tabulation-permutation hashing, these can now be replaced with our faster
alternatives that additionally provide theoretical guarantees as to their effectiveness.

Concerning hashing schemes with previous known strong concentration bounds, we compared with double tabulation
and 100-independent PolyHash, which are the strongest competitors that we are aware of using simple portable code.

The experiment measures the time taken by various hash functions to hash a large set of keys. Since the hash
functions considered all run the same instructions for all keys, the worst- and best-case running times are the same,
and hence choosing random input keys suffices for timing purposes. Further technical details of the experiments are
covered in Appendix A. We considered both hashing 32-bit keys to 32-bit hash values and 64-bit keys to 64-bits hash
values. We did not consider larger key domains as we assume that a universe reduction, as described in Section 1.5, has
been made if needed. The results are presented in Table 1. Below, we comment on the outcome of the experiment for

each scheme considered.

Multiply-Shift. The fastest scheme of the comparison is Dietzfelbinger’s 2-independent Multiply-Shift [18]. For 32-bit
keys it uses one 64-bit multiplication and a shift. For 64-bit keys it uses one 128-bit multiplication and a shift. As

expected, this very simple hash function was the fastest in the experiment.

2-Independent PolyHash. We compare twice with the classic k-independent PolyHash [48]. Once with k = 2 and
again with k = 100. k-independent PolyHash is based on evaluating a random degree (k — 1)-polynomial over a prime
field, using Mersenne primes to make it fast: 20! — 1 for 32-bit keys and 28° — 1 for 64-bit keys. The 2-independent
version was 2-3 times slower in experiments than multiply-shift. It is possible that implementing PolyHash with a
specialized carry-less multiplication [31] would provide some speedup. However, we do not expect it to become faster

than multiply-shift.

Simple Tabulation. The baseline for comparison of our tabulation-based schemes is simple tabulation hashing. Recall
that we hash using ¢ characters from ¥ = [u/€] (in this experiment we considered u = 232 and u = 26%). This implies ¢
lookups from the character tables, which have total size ¢ |3|. For each lookup, we carry out a few simple AC® operations,
extracting the characters for the lookup and applying an XOR. Since the size of the character alphabet influences
the lookup times, it is not immediately clear, which choice of ¢ will be the fastest in practice. This is, however, easily
checkable on any computer by simple experiments. In our case, both computers were fastest with 8-bit characters,
hence with all character tables fitting in fast cache.

Theoretically, tabulation-based hashing methods are incomparable in speed to multiply-shift and 2-independent Poly-

Hash, since the latter methods use constant space but multiplication which has circuit complexity ©(log w/ log log w)
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for w-bit words [11]. Our tabulation-based schemes use only AC® operations, but larger space. This is an inherent
difference, as 2-independence is only possible with AC? operations using a large amount of space [2, 32, 34]. As is
evident from Table 1, our experiments show that simple tabulation is 2-3 slower than multiply-shift, but as fast or
faster than 2-independent PolyHash. Essentially, this can be ascribed to the cache of the two computers used being
comparable in speed to arithmetic instructions. This is not surprising as most computation in the world involves data
and hence cache. It is therefore expected that most computers have cache as fast as arithmetic instructions. In fact, since
fast multiplication circuits are complex and expensive, and a lot of data processing does not involve multiplication, one

could imagine computers with much faster cache than multiplication [28].

Twisted Tabulation. Carrying out a bit more work than simple tabulation, twisted tabulation performs ¢ lookups of
entries that are twice the size, as well as executing a few extra AC? operations. It hence performs a little worse than

simple tabulation hashing.

Mixed Tabulation. We implemented mixed tabulation hashing with the same parameters (¢ = d) as in [17]. With these
parameters the scheme uses 2c lookups from 2c character tables, where c of the lookups are to table entries that are
double as long as the output, which may explain its worse performance with 64-bit domains. In our experiments, mixed
tabulation performs slightly worse than tabulation-permutation hashing. Recall from above that mixed tabulation is

faster than many popular hash functions without theoretical guarantees, hence so is our tabulation-permutation.

Tabulation-1Permutation. Also only slightly more involved than simple tabulation, tabulation-1permutation performs
¢ + 1 lookups using ¢ + 1 character tables. In our experiments, tabulation-1permutation turns out to be a little bit faster
than twisted tabulation, at most 30% slower than simple tabulation, and at most 4 times slower than multiply-shift.

Recall that tabulation-1permutation is our hash function of choice for streaming applications where speed is critical.

Tabulation-Permutation. Tabulation-permutation hashing performs 2c¢ lookups from 2c¢ character tables. In our
experiments, it is slightly more than twice as slow as simple tabulation, and at most 8 times slower than multiply-shift.

It is also worth noting that it performs better than mixed tabulation.

Double Tabulation. Recall that among the schemes discussed so far, only tabulation-permutation and tabulation-
1permutation hashing offer unrestricted Chernoff-style concentration with high probability. Double tabulation is the
first alternative with similar guarantees and in our experiments it is 30 times slower for 32-bit keys. For 64-bit keys, we
were unable to run it on the computers at our disposal due to the large amount of space required for the hash tables.
As already discussed, theoretically, double tabulation needs more space and lookups. The 32-bit version performed 26
lookups in tables of total size 48 - 222, while tabulation-permutation only needs 8 lookups using 8 - 28 space. It is not

surprising that double tabulation lags so far behind.

100-Independent PolyHash. Running the experiment with 100-independent PolyHash, it turned out that for 32-bit keys,
it is slower than 100-independent double tabulation. A bit surprisingly, 100-independent PolyHash ran nearly 200 times
slower than the 2-independent PolyHash, even though it essentially just runs the same code 99 times. An explanation
could be that the 2-independent scheme just keeps two coefficients in registers while the 100-independent scheme
would loop through all the coefficients. We remark that the number 100 is somewhat arbitrary. We need k = ©(logu),
but we do not know the exact constants in the Chernoff bounds with k-independent hashing. The running times are,
however, easily scalable and for k-independent PolyHash, we would expect the evaluation time to change by a factor of
roughly k/100.
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Fig. 1. Hashing the arithmetic progression {a - i | i € [50000]} to 16 bins for a random integer a. The dotted line is a 100-independent
PolyHash.

Bad instances for Multiply-Shift and 2-wise PolyHash. We finally present experiments demonstrating concrete bad
instances for the hash functions Multiply-Shift [18] and 2-wise PolyHash, underscoring what it means for them to not
support Chernoff-style concentration bounds. In each case, we compare with our new tabulation-permutation hash
function as well as 100-independent PolyHash, which is our approximation to an ideal fully random hash function. We
refer the reader to Appendix A for bad instances for simple-tabulation [49] and twisted tabulation [41] as well as a
more thorough discussion of our experiments.

Bad instances for Multiply-Shift and 2-independent PolyHash are analyzed in detail in [39, Appendix B]. The specific
instance we consider is that of hashing the arithmetic progression A = {a - i | i € [50000]} into 16 bins, where we are
interested in the number of keys from A that hashes to a specific bin. We performed this experiment 5000 times, with
independently chosen hash functions. The cumulative distribution functions on the number of keys from A hashing
to a specific bin is presented in Figure 1. We see that most of the time 2-independent PolyHash and Multiply-Shift
distribute the keys perfectly with exactly 1/16 of the keys in the bin. By 2-independence, the variance is the same
as with fully random hashing, and this should suggest a much heavier tail, which is indeed what our experiments
show. For contrast, we see that the cumulative distribution function with our tabulation-permutation hash function is
almost indistinguishable from that of 100-independent Poly-Hash. We note that no amount of experimentation can
prove that tabulation-permutation (or any other hash function) works well for all possible inputs. However, given
the mathematical concentration guarantee of Theorem 2, the strong performance of tabulation-permutation in the

experiment is no surprise.

2 TECHNICAL THEOREMS AND HOW THEY COMBINE

We now formally state our main technical results, in their full generality, and show how they combine to yield
Theorems 1.1, 1.2, and 1.3. A fair warning should be given to the reader. The theorems to follow are intricate and
arguably somewhat inaccessible at first read. Rather than trying to understand everything at once, we suggest that
the reader use this section as a roadmap for the main body of the paper. We will, however, do our best to explain the
contents of the results as well as disentangling the various assumptions in the theorems.

As noted in Section 1.6, the exposition is subdivided into three parts, each yielding theorems that we believe to be
of independent interest. First, we provide an improved analysis of simple tabulation (Section 4). We then show how
permuting the output of a simple tabulation hash function yields a hash function having Chernoff bounds for arbitrary
value functions (Section 5). Finally, we show that concatenating the output of two independent hash functions preserves

the property of having Chernoff bounds for arbitrary value functions (Section 6).
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It turns out that the proofs of our results become a little cleaner when we assume that value functions take values in
[-1, 1], so from here on we state our results in relation to such value functions. Theorems 1.1, 1.2, and 1.3 will still

follow, as the value functions in these theorems can also be viewed as having range [-1, 1].

2.1 Improved Analysis of Simple Tabulation

Our new and improved result on simple tabulation is the subject of Section 4. It is stated as follows.

THEOREM 2.1. Let h: £¢ — [m] be a simple tabulation hash function and S C 2 be a set of keys of sizen = |S|. Let
v: X¢ X [m] — [—1,1] be a value function such that the set Q = {i € [m] | Ax € =€ : v(x,i) # 0} satisfies |Q| < m®, where

e < % is a constant.

(1) For any constant y > 1, the random variable V. =}, cs v(x, h(x)) is strongly concentrated with added error
probability Oy, ¢, c(n/mY), where the constants of the asymptotics are determined by c and y. Furthermore, this
concentration is query invariant.

(2) Forj € [m] define the random variable V; = 3 cs v(x, h(x) ® j) and letp = E [VJ], noting that this is independent
of j. Foranyy > 1,

Pr| > (Vi=p?>Dye Y > v(x.k)?| =0y e cln/m) 5)
1

je[m x€S ke[m]

for some constant Dy, ¢ and this bound is query invariant up to constant factors.

The technical assumption involving Q states that the value function has bounded support in the hash range: The
value v(x, h(x)) can only possibly be non-zero if h(x) lies in the relatively small set Q of size at most m?. In fact,
when proving Theorem 1.1 it suffices to assume that |Q| = 1, as we shall see below, but for our analysis of tabulation-
permutation hashing we need the more general result above. Another nice illustration of the power of Theorem 2.1
holding with value functions of any bounded support will appear when we prove Theorem 1.3 in Section 2.4.

To see that Theorem 1.1 is implied by Theorem 2.1, one may observe that the latter is a generalization of the former.
Let y € [m] be the bin and (wx)xes be the weights of the balls from S in the setting of Theorem 1.1. Then defining the

value function v: 3¢ X [m] — [0, 1],

wy [y =y], xe€S,
0, x ¢S,

v(x,y’) =

we find that X = Y cs wx - [(x) = y] = X xes v(x, h(x)) is strongly concentrated by part 1 of Theorem 2.1 and the
concentration is query invariant.

Finally, the bound (5) requires some explaining. For this, we consider the toy example of Theorem 1.1. Suppose we
have a set S C [u] of balls with weights (wy)xes and we throw them into the bins of [m] using a simple tabulation hash
function. We focus on the total weight of balls landing in bin 0, defining the value function by v(x,y) = wx forx € S
and y = 0, and v(x, y) = 0 otherwise. In this case, y = # Y xes wx denotes the expected total weight in any single bin
and Vj = ¥y es wx - [h(x) = j] denotes the total weight in bin j € [m]. Then (5) states that 3’ je[n](Vj — n)? = O(||w||§)
with high probability in m. This is exactly a bound on the variance of the weight of balls landing in one of the bins
when each of the hash values of the keys of S are shifted by an XOR with a uniformly random element of [m]. Note that
this example corresponds to the case where |Q| = 1. In its full generality, i.e., for general value functions of bounded

support, (5) is similarly a bound on the variance of the value obtained from the keys of S when their hash values are
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each shifted by a uniformly random XOR. This variance bound turns out to be an important ingredient in our proof of
the strong concentration in the first part of Theorem 2.1. As described in Section 1.6.1 the proof proceeds by fixing
the hash values of the position characters [c] X ¥ in a carefully chosen order, a1 < - - < a,. Defining G; to be those
keys that contain a; as a position character but no & with j > i, the internal clustering of the keys of G; is determined
solely by (h(«;))j<i and fixing h(a;) “shifts” each of these keys by an XOR with h(a;). Now (5), applied with S = G;,
exactly yields a bound on the variance of the total value obtained from the keys from G; when fixing the random XOR
h(a;). Thus, (5) conveniently bounds the variance of the martingale described in Section 1.6.1. As such, (5) is merely a
technical tool, but we have a more important reason for including the bound in the theorem. As it turns out, for any
hash function satisfying the conclusion of Theorem 2.1, composing with a uniformly random permutation yields a hash

family having Chernoff-style concentration bounds for any value function as we describe next.

2.2 Permuting the Hash Range

Our next step in proving Theorem 1.2 is to show that, given a hash function with concentration bounds like in Theo-
rem 2.1, composing with a uniformly random permutation of the entire range yields a hash function with Chernoff-style

concentration for general value functions. The main theorem, proved in Section 5, is as follows.

THEOREM 2.2. Let ¢ € (0,1] and m > 2 be given. Let g: [u] — [m] be a 3-independent hash function satisfy-
ing the following. For every y > 0, and for every value function v: [u] X [m] — [-1,1] such that the set Q =
{i € [m] | Ix € [u]: v(x,i) # 0} is of size |Q| < m®, the two conclusions of Theorem 2.1 holds with respect to g.

Let v’: [u] — [-1,1] be any value function, t: [m] — [m] be a uniformly random permutation independent of g,
andy > 0. Then the for the hash function h = t o g, the sum ¥y c[y] V' (x, h(x)) is strongly concentrated with added
error probability Oy, ¢ (u/mY), where the constants of the asymptotics are determined solely by ¢ and y. Furthermore, this

concentration is query invariant.

We believe the theorem to be of independent interest. From a hash function that only performs well for value
functions supported on an asymptotically small subset of the bins we can construct a hash function performing well
for any value function - simply by composing with a random permutation. Theorem 2.1 shows that simple tabulation
satisfies the two conditions in the theorem above. It follows that if m = |U|%(), e.g., if m = |Z|, then composing a
simple tabulation hash function g : ¢ — [m] with a uniformly random permutation 7 : [m] — [m] yields a hash
function h = 7 o g having Chernoff-style bounds for general value functions asymptotically matching those from the
fully random setting up to an added error probability inversely polynomial in the size of the universe. In particular
these bounds hold for tabulation-permutation hashing from 3¢ to 3, that is, using just a single permutation, which
yields the result of Theorem 1.2 in the case d = 1. If we desire a range of size m > |3| the permutation 7 becomes
too expensive to store. Recall that in tabulation-permutation hashing from =¢ to 3¢ we instead use d permutations
Ti,...,Tq : & = X, hashing
simple

Zd (715 7a)

se 54

Towards proving that this is sensible, the last step in the proof of Theorem 1.2 is to show that concatenating the
outputs of independent hash functions preserves the property of having Chernoff-style concentration for general value

functions.
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2.3 Squaring the Hash Range

The third and final step towards proving Theorem 1.2 is showing that concatenating the hash values of two independent
hash functions each with Chernoff-style bounds for general value functions yields a new hash function with similar
Chernoff-style bounds up to constant factors. In particular it will follow that tabulation-permutation hashing has
Chernoff-style bounds for general value functions. However, as with Theorem 2.2, the result is of more general interest.
Since it uses the input hash functions in a black box manner, it is a general tool towards constructing new hash functions

with Chernoff-style bounds. The main theorem, proved in Section 6, is the following.

THEOREM 2.3. Let hy: A — By and hy: A — By be 2-wise independent hash functions with a common domain
such that for every pair of value functions, v1: AX By — [-1,1] and vy: A X By — [-1,1], the random variables
X1 = Yaeavi(a, hi(a)) and Xa = Y gea v2(a, ho(a)) are strongly concentrated with added error probability fi and f,
respectively, and the concentration is query invariant. Suppose further that hy and hy are independent. Then the hash
function h = (h1,h2): A — B X Ba, which is the concatenation of hy and hy, satisfies that for every value function
v: AX (B1 X By) — [—1, 1], the random variable X = ¥, ,c o v(a, h(a)) = Y qaea v(a, h1(a), ha(a)) is strongly concentrated

with additive error O(fi + f2) and the concentration is query invariant.
We argue that Theorem 2.3, combined with the previous results, leads to Theorem 1.2.

ProoF oF THEOREM 1.2. We proceed by induction on d. For d = 1 the result follows from Theorem 2.1 and 2.2 as
described in the previous subsection. Now suppose d > 1 and that the result holds for smaller values of d. Let y = O(1)
be given. Let d = |d/2] and dy = [d/2]. A tabulation-permutation hash function h : £¢ — >4 is the concatenation of
two independent tabulation-permutation hash functions hy : ¢ — 4 and hy : 3¢ — »dz, Letting A = 3¢, By = Zdl,
By = %%, the induction hypothesis gives that the conditions of Theorem 2.3 are satisfied and the conclusion follows.
Note that since d = O(1), the induction is only applied a constant number of times. Hence, the constants hidden in the

asymptotics of Definition 1 are still constant. O

2.4 Concentration in Arbitrary Intervals.

We will now show how we can use our main result, Theorem 1.2, together with our improved understanding of simple
tabulation Theorem 2.1 to obtain Theorem 1.3 which shows that the extra efficient tabulation-1permutation hashing
provides Chernoff-style concentration for the special case of weighted balls and intervals. This section also serves as an
illustration of how our previous results play in tandem, and it illustrates the importance of Theorem 2.1 holding, not

just for single bins, but for any value function of bounded support.

ProoF oF THEOREM 1.3. Let S C [u] be a set of keys, with each key x € S having a weight wy, € [0,1]. Let
h=t1og: 3 — =% = [r] be a tabulation-1permutation hash function, with g : ¢ — 3¢ a simple tabulation hash
function and 7: 3¢ — 39 a random permutation of the most significant character, 7(z1,...,zg4) = (11(21), 22, .. ., 24)
for a uniformly random permutation 71 :  — 3. Letyy, y2 € 3¢ and X be defined as in Theorem 1.3, X = 3 cs Wx-[y1 <
h(x) < y2]. Set 4 = E[X], and o = Var [X]. For simplicity we assume that |I| > r/2. Otherwise, we just apply the
argument below with I replaced by [r] \ I = [0,y1) U [y2, r), which we view as an interval in the cyclic ordering of [r].
We will partition I = [y1, y2) into a constant number of intervals in such a way that our previous results yield Chernoff
style concentration bound on the total weight of keys landing within each of these intervals. The desired result will

follow.
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To be precise, let t > 0 and y = O(1) be given. Let P; = {x € X | Vy € »d-1. (x,y) e IYand I; = {(x1,...,x4) €
34 | x; € P1}. Whether or not h(x) € I1 for a key x € =¢ depends solely on the most significant character of h(x). With
X1 = Y xes Wx - [h(x) € 1], ;1 = E[X1], and 0'12 = Var [X1], we can therefore apply Theorem 1.2 to obtain that for any
t’>0andy’ = 0(1),

Pr(|X; — gl > '] < Cexp(—Q(a2C(t'/o?))) + 1/u¥ < Cexp(-Q(a*C(t' /%)) + 1/u"’, (6)

for some constant C. Here we used that 0'12 <oclas|l| <l < |2d|/2. Next, let d; = lg|Z| and da, . . .,d¢ € N be such
that for 2 < i < ¢, it holds that 2% < (2di+dt-+diy1/4 and further 2¢1+d2++dr = 5|4 We may assume that u and
hence |2| is larger than some constant as otherwise the bound in Theorem 1.3 is trivial. It is then easy to check that
we may choose ¢ and the (d;),<; <¢ such that £ = O(logd) = O(1). We will from now on consider elements of 34 as
numbers written in binary or, equivalently, bit strings of length d’ :=dy + --- +dp. Fori = 1, ...,{ we define a map
pi 24 — [2]%*+di as follows. If x = by ... by € [2]%, then p; (x) is the length dy +- - - +d; bit string by . .. by 4...4q,
Set J =I.Fori=2,...,0 wedefine J; C I and I; C I recursively as follows. First, we let J; = Ji_1 \ Ii—1. Second, we
define I; to consist of those elements of x € J; such that if y € =€ has p;(y) = pi(x), then y € J;. In other words, [;
consists of those elements of J; that remain in J; when the least significant d;4+1 + - - - + d¢ bits of x are changed in an
arbitrary manner. It is readily checked that fori = 1,...,¢, I; is a disjoint union of two (potentially empty) intervals
I = Ii(l) U Ii(z) such that for each j € {1,2} and x,y € IiU), pi(x) = pi(y). Moreover, the sets (I,-)f:1 are pairwise disjoint
andI=U%, L.

We already saw in (6) that we have Chernoff-style concentration for the total weight of balls landing in I;. We
now show that the same is true for Il.(j) foreachi=2,...,fandj € {0, 1}. So let such an i and j be fixed. Note that
whether or not h(x) € Il.(j), for a key x € X, depends solely on the most significant d; + - - - + d; bits of h(x). Let
B : 3¢ — [2]9+ *di be defined by h’(x) = p;(h(x)). Then k’ is itself a simple tabulation hash function and h’(x) is
obtained by removing the dj+1 + - - - + dy least significant bits of h(x). Letting I’ = pi(Il.O)), it thus holds that h(x) € I;j )
if and only if h’(x) € I’. Let now XEj) = Y eswx - [A(x) € Il.(j)], ,ulg) =E [Xl.(i)], and 012 = Var [Xl.(j)] < 0% As
II'| < 2% < (2%1*++di)1/4 e can apply Theorem 2.1 to conclude that for ¢ > 0 and y” = O(1),

PrIx7 - 49| 2 1] < Cexp(-Q(a2C(1' [62))) + 1/u¥" < Cexp(-Q(aC(t' /%)) + 1/uY. @)
Now applying (6) and (7) with ¢’ = ¢t/(2( — 1) and y’ =y + % = 0(1), it follows that

2
PrIX — il > 1] <Pr(IX; =l 2 1+ ) S Pr(IXY) = u) > 1] < 20 exp(-Q(aPC(t J0?))) + 26 /uY’

t
D=
i=2 j=1

J
=0(exp(-Q(a? C(t/5%)))) + 1/u”,

as desired. O

3 PRELIMINARIES

Before proceeding, we establish basic definitions and describe results from the literature which we will use.

3.1 Notation
Throughout the paper, we use the following general notation.

o We let [n] denote the set {0,1,...,n—1}.
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e For a statement or event Q we let [Q] be the indicator variable on Q, i.e.,

1, Q occurred or is true,

[Q]=
0, otherwise.
o Whenever Yp,...,Y,—1 € R are variables and i € [n + 1], we shall denote by Y.; the sum Yj<i Yj. Likewise,
whenever Ay, ...,A,—1 are sets and i € [n + 1], we shall denote by A<; the set Uj<i 4j-

e Suppose we have a hash function h: A — B with domain A and range B. We shall often associate weight and

value functions with A as follows.

- A function w: A — R is called a weight function, corresponding to the idea that every ball or key x € A has an
associated weight, w(x) € R. Occasionally, we shall write wy for w(x).

— A function v: AX B — R is called a value function, with the interpretation that a key x € A yields a value
v(x, h(x)) depending on the bin/hash value h(x) € B.

For weight functions w : A — R, a subset of balls, S C A, and a bin yy € B, we will be interested in sums of the

form W = Y cs w(x)[h(x) = yo]. i.e., the total weight of the balls in S that are hashed to bin yo. Defining the

value function v : AX B — Rby v(x,y) = w(x)[y = yo], W is exactly equal to )¢5 v(x, h(x)), i.e., the total

value obtained by the balls in S. From this perspective, value functions are more general objects than weight

functions.

3.2 Probability Theory and Martingales

In the following, we introduce the necessary notions of probability theory. A note of caution is in order. The paper at
hand relies on results from the theory of martingales to arrive at its conclusion. Working with martingales, we shall
require probability theoretic notions of a fairly general and abstract character. For an introduction to measure and
probability theory, see, for instance, [42].

For the most basic notation, let (Q2, 7, Pr) be a probability space.

e Let Xi,..., X, : Q = R be ¥ -measurable random variables. We denote by G = o(X1,...,X,) C F the smallest
o-algebra such that X1, . . ., X, are all G-measurable. We say that G is the sigma algebra generated by X1, ..., Xp.
Intuitively, o(X1, ..., Xp) represents the collective information regarding the outcome of the joint distribution
(X1,...,Xn).

o Let X : Q — R be an ¥ -measurable random variable, and let G be a o-algebra with G ¢ F.IfE [|X]|] < oo, we
may define the random variable E [ X | G] to be the conditional expectation of X given G. It is important to note
that E[ X | G] is G-measurable. In the context of the above notation, E[X | 0(X1,...,Xn)] =E[X| X1,...,Xn]
is the expectation of X as a function of the outcomes of X, ..., X,.

We proceed to discuss martingales and martingale differences. For convenience we shall assume all random variables

to be bounded, i.e., whenever X is a random variable, we assume that there exists a constant M > 0 such that |X| < M

almost surely.

Definition 3 (Filtration). Let (Q,#(€),Pr) be a finite measure space. A sequence of o-algebras, (F;)]_,, is a filtration
of (Q,P(Q),Pr)if {0,Q} =Fo C F1 C -+ € Fr = P(Q). We shall usually omit explicit reference to the background

space.

Definition 4 (Adapted Sequence). Let (¥7)/_, be a filtration. A sequence of random variables (X;)]_ is adapted to
(Fi)i_, if for every i € [r + 1], X; is F;-measurable. In that case, we say that (X;, %;) is an adapted sequence.
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Definition 5 (Martingale). A martingale is an adapted sequence, (X;, 7;), satisfying that for every i € {1,...,r},
E[X;| Fi-1] = Xi-1.

Definition 6 (Martingale Difference). A martingale difference is a an adapted sequence, (Y;, #7){_;, such that Yo = 0
almost surely and for every i € {1,...,r}, E[Y; | Fi-1] = 0.

If (X;, 7—7)[.’20 is a martingale, we may define the sequence of random variables (Y; i’:O by Yo =0and ¥; = X; — Xi—1
fori = 1,...,r. Then (Y;, 7'—,-)1.’:0 is a martingale difference. Conversely, if (Y;, 7'_i),-r:0 is a martingale difference, a
martingale (X;, ﬂ){:o can be constructed by letting X; = Y41 = 2 j<i Y- Under this correspondence, martingales
and martingale differences are in a sense two sides of the same coin.

Concluding the section, we describe canonical constructions of a martingale and a martingale difference, respectively,

that we shall use later on.

e Let X be a random variable and consider a filtration (#7)]_,. We may define a martingale from X with respect to

(Fi)i_, by defining the sequence of random variables (X;)]_; by X; = E[X | #;] for each i € [r + 1]. Clearly,
E[X;| Fi-1] = E[X | Fi-1] = Xi-1, so (X;, Ti)i’:O is indeed a martingale.
We shall apply this construction in the following situation. Suppose we have random variables Z1, . . ., Z, taking
values in the measure spaces Ay, ..., A, and denote by Z the joint distribution (Z3, . . ., Z,). For some function
f: A1 X...Ar > R, we wish to assess the value of f(Z). We may then define the filtration ¥; = 0(Z1,...,Z;)
fori € [r+1]andset X; = E[ f(Z)| #i]. This yields a martingale (X;, Fi)i_o With Xo = E[f(Z)] and X, = f(Z).
This is known as a Doob martingale and the construction will be used in Section 5 to prove Theorem 2.2.

e Let (Z;, Ti)ir:o be an adapted sequence and define Yo = 0and Y; = Z; —E[Z; | Fi-1] fori € {1,...,r}. Then

(Yi, Fi)[_, is a martingale difference. This construction is applied in Section 4 to prove Theorem 2.1.

3.3 Martingale Concentration Inequalities

In applications of probability theory, we often consider a sequence of random variables Xp, . .., X. If we are lucky,
the random variables are independent, pair-wise independent, or a derivative thereof. It is unfortunately often the
case, however, that there is no such independence notion that apply to X, ..., X,. One reason that martingales have
been as successful as they are, is that frequently, one may instead impose a martingale structure on the variables, and
martingales satisfy many of the same theorems that independent variables do. In this exposition, we shall consider sums
of the form X = }7_ X; where the X; are far from independent, yet we would like X to satisfy Chernoff-style bounds.

To this end, we state a martingale version of Bennett’s inequality due to Fan et al [24]. The reader may note the

similarity to Eq. (3).
Definition 7. We denote by C : (-1, c0) — [0, o) the function given by C(x) = (x + 1) In(x + 1) — x.

THEOREM 3.1 (FAN ET AL. [24]). Let o > 0 be given. Let (X;, Fi)]_, be a martingale difference such that almost surely
IXil <1 forallie{1,...,r} and ¥7_| E [Xlz | ﬁ_l] < o Writing X = Xi=1 Xi, it holds for any t > 0 that
02 )Uz+t

o2+t

Pr[XZt]Set-(

Simple calculations yield the following corollary.
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CoROLLARY 3.2. Suppose that (X;, Fi)[_, is a martingale difference and there exist M, o > 0 such that |X;| < M for all
ie{l,...,r}and Zlle E [Xl2 | 7‘},1] < o2, Define X = Z;lei. For anyt > 0 it holds that
2
o tM
Pr(X > t] <exp (—WC (?)) ,
where C(x) = (x + 1) In(x + 1) — x.
Finally, we present three lemmas describing the asymptotic behavior of C. We omit the proofs of the first two since

the results are standard and follow by elementary calculus.

LEmMA 3.3. Foranyx > 0
1
Exln(x +1) <C(x) <xIn(x+1).

For any x € [0,1]

2

1
gx2 <C(x) < =x*,

N | =

where the right hand inequality holds for all x > 0.
LEMMA 3.4. Foranya > 0.Ifb > 1 then
bC(a) < C(ab) < b%C(a) .

If0 < b <1 then
b2C(a) < C(ab) < bC(a) .

Note that as a corollary, if b = ©(1) and a > 0, then C(ba) = ©(C(a)). The final lemma shows that the bound

of Corollary 3.2 only gets worse when o or M is replaced by some larger number.
LEMMA 3.5. Leta > 0 be given. On R, the following two functions are decreasing
x> xC (ﬂ) ,
x

o C(ax)
-

x
ProoF. Let 0 < x < y be given. We then observe that the first function is indeed decreasing since by the first bound
of Lemma 3.4, xC(a/x) = xC ((a/y) - (y/x)) = yC (a/y). That the second function is decreasing follows from a similar

argument. ]

4 ANALYSIS OF SIMPLE TABULATION

In this section, we analyze the simple tabulation hashing scheme. The section is divided in three parts. First, there will
be an introductory section regarding simple tabulation hashing and associated notation. Second, we shall prove the sum
of squares result (Eq. (5)). The final section presents a proof of Theorem 2.1. In order to make the exposition slightly

simpler and more accessible, we postpone the argument that our concentration bounds are query invariant to Section 7.

4.1 Simple Tabulation Basics

Simple tabulation hashing as introduced by Zobrist [49] is defined as follows.

Definition 8 (Simple Tabulation Hashing). Let 3 be an alphabet, ¢ > 1 an integer, and m = 2¥, k > 0, a power of two.

A simple tabulation hash function, h: 3¢ — [m], is a random variable taking values in the set of functions from ¢ to
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[m], chosen with respect to the following distribution. For each j € {1,...,¢c},let hj: X — [m] be a fully random hash
function, in other words, a uniformly random function from X to [m]. We evaluate h on the key x = (x1,...,x¢) € =€

by computing h(x) = @;:1 hj(xj), where @ denotes bitwise XOR.
Now, towards analyzing simple tabulation hashing, we add the following notation.

Definition 9 (Position Character). Let ¥ be an alphabet and ¢ > 1 an integer. We call an element a = (a,y) €

{1,...,c} X X a position character of €.

Let h: ¢ — [m] be a simple tabulation hash function. We may consider a key x = (x1,...,xc) € X€ as a set of
¢ position characters, {(1,x1),...,(c,x¢)} € {1,...,c} X Z. Recall that h(x) = @:;1 h;(x;) for uniformly random
functions h;: ¥ — [m]. For a position character « = (a,y) € {1,...,c} X X, we may overload notation and write

h(a) = hq(y). Extending this, for a set of position characters A = {a1,...,a,} € {1,...,¢c} X =€, h(A) = @?:1 h(a;).
Note that this agrees with the correspondence between keys of 2¢ and sets of position characters mentioned before,
since for x = (x1,...,xc) € 2, h(x) = h({(1,x1),...,(c,xc)}). If finally A,B C {1,...,c} X T are sets of position
characters we write A @ B for the symmetric difference between A and B, i.e., A® B = (A\ B) U (B \ A). We note that
for a simple tabulation hash function h, h(A @ B) = h(A) @ h(B).

Definition 10 (Projection Onto an Index). Let ¢ > 1 be an integer and i € {1,...,c} be given. We denote by
mi: 3¢ - {1,...,c} X T the projection onto the ith coordinate given by 7;(x1,...,xc) = (i, x;), i.e., projecting a key x

to its ith position character. We extend this to sets of keys, such that for § € =€, 7;(S) = {7 (x) | x € S}.

The following lemma by Thorup and Zhang [47] describes the independence of sets of position characters of ¢

under a simple tabulation function h: ¢ — [2"]. We provide a proof for completeness.

LEMMA 4.1 (THORUP AND ZHANG [47]). Let h: ¢ — [2"] be a simple tabulation hash function. For eachi € {1,...,t},
letsi C {1,...,c} X X be a set of position characters of €. Let j € {1,...,t}. If every subset of indices B C {1,...,t}
containing j satisfies @ieB si # 0, then the distribution of h(s;) is independent of the joint distribution (h(s;))iz;.

PROOF. Let Fy be the field Z/2Z and V the Fy-vector space Fél""’clxz. For a set of position characters A, we define
vy €V as follows: For (a,y) € {1,...,c} XX weletvg(a,y) = 1if and only if (a,y) € A, and v(a,y) = 0 otherwise.
Picking a random simple tabulation hash function h : ¢ — [2"] is equivalent to picking a random linear function
k' :V — [2"]. Here [2"] is identified with the Fa-vector space F},. Indeed, (v(4})ae(s,...,c}xx forms a basis for V, and
choosing a random linear map h’ : V' — [2"] can be done by picking independent and uniformly random values for h’

on the basis elements, and extending by linearity. To define h from h’, we simply put h(x) = P h'(v{4y) for a key

aEX
x € X viewed as a set of position characters. Conversely, a simple tabulation hash function A : ¢ — [2"] uniquely
extends to a linear map b’ : V — [2"]. Now under this identification, the condition in the lemma is equivalent to vs;
being linearly independent of the vectors (vs,);#j. As h’ is a random linear map, it follows by elementary linear algebra

that h’(vs;) = h(sj) is independent of the joint distribution (h’(vs;))ixj = (h(s;))izj, as desired.

4.2 Bounding the Sum of Squared Deviations

In the following section we shall prove the bound (5) of Theorem 2.1 from Section 2.1, stated independently here as
Theorem 4.5. It is a technical, albeit crucial, step on the way to proving Theorem 2.1 itself. The foundation of the proof

of Theorem 4.5 is a series of combinatorial observations regarding simple tabulation hashing.
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Recall from Section 1.6.1 our general proof strategy when proving concentration bounds for simple tabulation
hashing. For a set of keys S C 2€ to be hashed, we fix an ordering of the position characters of . We then fix the hash
table entries corresponding to the position characters one at a time according to this ordering. Crucial to the success of

this strategy is fixing an ordering where each position character “decides” only a small part of the final outcome.

Definition 11 (Group of Keys). Let S C 3¢ be a set of keys and A = {a € x | x € S} be the set of position characters
of the keys of S. For an enumeration or ordering of the position characters of A as {a1,...,ar} = A, we denote
by G; C S the ith group of keys with respect to S and the ordering of the position characters. The set is given by
Gi={xeS|{ai} SxC{a,...,ai}}.

Put in other words, let < denote the ordering on A, let x be a key of S, and let f1, . . ., ¢ be the position characters of
x such that f1 < 2 < -+ < fe, i.e., fc is last in the ordering of A. Then x € G; if and only if &; = f.. In relation to
simple tabulation, this has the following meaning. In the proof, we shall fix the values h(«;) one at a time starting at
Jj = 1and ending at j = r. For every x € Gj, the value of h(x) is then undecided before h(«;) is known, but is known
once h(ay), ..., h(a;) are all fixed. In analyzing the contribution of each group to the final outcome of the process, we
start by proving a generalization of a result from [38]. It says that if we assign each key a weight, it is always possible to
choose the ordering of the position characters such that the total weight of each group is relatively small. The original

lemma simply assigned weight 1 to every key.

LEMMA 4.2. LetS C 3¢ be given and let A = {a € x | x € S} be the position characters of the keys of S. Let w: 3¢ — R
be a weight function. Then there exists an ordering of the position characters, {a1,...,ar} = A such that for every

ie{l,...,r}, thegroupG; = {x € S| {ai} € x C {a1,...a;}} satisfies

1-1/c
Z w(x) < (I;lgécw(x))l/c(z w(x)) .

x€G; x€S
ProoOF. We define the ordering recursively and backwards as a,...,a1. Let T; = A\ {aj+1,...,0,} and S; =
{x € S| x € T;}. We prove that we can find an «; € T; such that
Gi={xeSi|lajex},
satisfies

1/c 1-1/c
Z w(x) < (;neas)f w(x)) (Z w(x)) ,

x€eG; x€S;
which will establish the claim. Let By be the set of position characters at position k contained in Tj, i.e., B =
{(k,y) € T;} = 7 (T;). Then as [1¢_, |Bi| 2 ISil, we have |Bi| > |S;]'/¢ for some k.

Since each key of S; contains at most one position character from By, we can choose «; such that

1/c 1-1/c
Z w(x) < Yxes; w(x) < 2xes; Wx) < (max W(x)) (Z W(X)) '

forere |Bi| MR x€S; x€S;
O
Suppose we have keys x1,...,x; € X€. It follows as a corollary of Lemma 4.1 that with a simple tabulation hash
function h: ¢ — [m], the values h(x1), . .., h(x;) are completely independent if and only if there does not exist a subset

of indices B C {1,...,t} with @ieB x;j = 0. In this vein, it turns out to be natural, given sets of keys A1, ..., A, C =€,
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to bound the number of tuples x; € Ay,...,x; € Ap with @f:l x; = 0. This is the content of Lemma 3 of [16]. We
prove the following generalization of this result, which deals with weighted keys. Note that the statements would be

identical if each key was assigned the weight 1.

LEMMA 4.3. Let £ € N be even, wy, ..., we: ¢ — R be weight functions, and Ay, ..., Ap C X be sets of keys. Then

[T < e ome ] [37 wor

X1€A1, ..., xp €A k=1 x€AK

@2:1 x=0

Proor. For every (x1,...,x¢) € Aj X -+ X Ay satisfying @i:l xr = 0 we have @izl{f[(xk, c)} = 0. This implies
that each character in the c-th position occurs an even number of times in (x1, . . ., x¢). Thus, for any such tuple we can
partition the indices 1,.. ., £ into pairs (i1,j1), ..., (i¢/2, je;2) satisfying 7 (x;;, ¢) = w(xj,,c) for every k € {1,...,(}.
Fix such a partition and let X € A; X --- X Ap be the set

X={(x1,...,xp) €Ay X ... xAg | Yk € {1,...,0/2}: m(xi,c) = m(xj,.c)}.

We proceed by induction on c.

For ¢ = 1, m(xj;, c) = 7(xj,, c) implies x;, = xj, such that
X ={(x1,...,x¢) €A1 X ... X Ay |Vk€{1,...,€/2}:xik IXjk}.

Thus, by the Cauchy-Schwartz inequality,

/2
Z l_[ wi (xg) l_[ Z Wi (x)ij (x)

Loxp)eX k=1 1x€A,kﬁAJk
l/2
1 [T e [T e
k=1 x€A;, x€Aj
l
<[], 2 et
k=1 \x€Ag

Since this is true for any partition into pairs, (i1,j1), ..., (i¢/2.j¢/2), there are exactly (£ — 1)!! such partitions, and
every term in the original sum is counted by some partition, we get the desired bound for ¢ = 1.
Let ¢ > 1 and assume that the statement holds when each key has < ¢ characters. For each a € X and k € {1, ..., ¢}

define the set
Aplal = {x € Ag | n(x,c) = a}.

Fixing the last character of each pair in our partition by picking a1, ..., az/; € X and considering the sets A;; [a)] and

Aj. [ak], we can consider the keys of Hi/zzl Aj[ag] X Aj, [ag] as only having ¢ — 1 characters, which allows us to apply
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the induction hypothesis. This yields

14 /2
> [ w0 = D] > [ Twie Geadwe ez
GO (@050 | (rigi )2 T Ay LIy, [ax] K1
k=1 7k= @k:lxk—w
£/2
Y [ I D w0 > w2
(“k);iizlezf/z k=1 xeA,-k[ak] XEAjk[ak]
/2
=((€-1)me L. Z Z wi, (x)? Z wj, (x)?
k=1\aex X€A; [] X€A; []
£/2
< ((C-1)m°c L. DT w2 DY w2
k=1 aeX xeA;, [a] aeX xeAj, [a]
¢/2
= (-1 D ow @2 | w2,
k=1 x€A;; X€A;j,

where the last inequality follows from the Cauchy-Schwartz inequality. Since the indices can be partitioned into pairs

in (£ — 1)!! ways, the same argument as in the induction start yields

¢ ¢
[ Tweteo) < € -10° I_[ D w02,

X1 €AY, ..., xp€Ar k=1 k=1 | x€Ax
‘
@k:l x=0
which was the desired conclusion. O

The following rather technical lemma bounds the moments of collisions between sets of keys. However, we shall dwell
on it for a moment as it reflects considerations that will come up repeatedly going forward. Consider a simple tabulation
function h: ¢ — [m] and a value function v: 3¢ X [m] — R. Hashing the keys of some subsets Aj,...,A, C =€ into
[m] using h, we are interested in the sums X; = Y e, v(x, h(x)) for 1 < i < n and, in particular, in properties of the
joint distribution (X1, ..., Xy). Here, the actual values of X; are not as important as how much X; deviates form its
mean. For 1 < i < n, We thus consider the variables

Yi=Xi-ElXi]= ) Zv(xb)(h(x)-b]——)

x€A; be[
and for a level of generality required for proving the main theorems of this section, we consider the shifted variables
=5 S o) (h(x) ]@b]——)
x€A; be[m]

for j € [m], corresponding to shifting the hash function h by j € [m].

LEmMMA 4.4. Let h: X¢ — [m] be a simple tabulation hash function and v: ¢ X [m] — R a value function. Let
Q={ie[m]|3x e =:v(x,i)# 0} be the support of v and write £ = |Q|. Letn € N and A1, ...,A, C =€. For every
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i €{1,...,n} andj € [m] define the random variable

= X 3 vt (10 <ot - 1)

x€A; beQ

n
_ Uk)
=" > []v*.
J1s--enjn €[m] k=1
@;1:1jk:0

and set

Then for every constant t € N,

1] = Orne ff"/zl—[(z 5 ot )“2

1 \x€AL beQ

Proor. We rewrite T as follows

SIS

Jis--jn€[m] k=1

@Z:ljk:o

= Ze[m](ﬁ > Zv(x,b)([hu):jkeab]—%))

Jis--osjn k=1x€Ar beQ
Z:ljk—o
. 1
=2 Sl 2 (T (ewebo (w0 =icond- )
(X1, .0 X)) EA1X. .. XAy by, ...bp €0 | j1, ... jn€[m] \k=1

@Z:ljk:o

n n 1
= > > (ﬂv(xk,bw)- > (ﬂ(h(xk =je@bl- )
(X15e0sXn) EAIX... XAy by, ...b€Q | \k=1 Ji» j,, e[m] \k=1
k 1J&=0

B Bl (o= -3)

(X1yeeesXn) EAI1X... XAy by,...bp€Q

Here the last equality is derived by observing that for fixed (x1,...,xn) € Ap X ... X Ay, and fixed by, ...b, € Q,

> (]j([hxk>—1keabk]——)): > ]( > (—m)_("_lB)l_[[h(xk):jkeabk])

jl,--'-l,an[m Jis--sjn€[m] \BC{1,...,n} keB
k=1Jk=0 @k 1JKk=0
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and since for 0 € B C {1,...,n} there are exactly mn-IBl-1 tuples (j1, . . .,Jjn) € [m]" satistying ji @ by = h(xy) for
every k € B and EBZ:ljk =0, we get

D (ﬁ([h(xk)=jkeabk]—}n))= 3 (ﬁ[h(m:jkeabk])ﬁ 3yl
1 \k=1 k=1

jlau;l’jne[m jls""lsjne[m] Bg{la---»n}
k=1 Jk=0 @kzl Jk=0

= [@ hixe) = € b
k=1 k=1

By the principle of inclusion-exclusion, the last term is —%, which concludes the rearrangement.
Write S = Ay X ... X Ap and let f: S — R be the function

flax) = ) ((ﬁ v(xk,bk))~([§n? h(xy) = @bk} -%)) :

bi,...bpeQ \\k=1

1 _yn-1Bl
+ PIERGH

BC{1,...,n}

By the above rearrangement, we have T? = Z(si)iem est [1i=1e[s] f (i), such that,

E[r']= > E ﬂf(s,—)].

(si)leeS‘
Now, for a t-tuple (s,~)l.t:1 € S, we overload notation by for asubset T C {1, ..., t} defining @ieT sj = @ieT @?zl(si)j,

where we still think of the keys (s;); as sets of input characters, and where & is the symmetric difference. Let (s; it:l est
andlet Ty,..., T, C {1,...,t} be all subsets of indices satisfying @ieTj si=0,1 <j<tIfforsomeie€{1,...,t},
i¢ Ujr.:1 T; then by Lemma 4.1, h(s;) is independent of the joint distribution (h(s;));»; and uniformly distributed in
[m]. It follows that f(s;) is independent of the joint distribution (f(s;));#i. Since it further holds that E[f(s;)] = 0,
this implies

E =E[f(s)]-E

t
[ 16 [Tren] =0
j=1 j#i

Hence, we shall only sum over the t-tuples (s; it=1 e st satisfying that there exist subsets of indices Ty, ..., T € {1,...,t}
such that @ieTj si =0foreveryje{1,...,r}and U}r.zl T =1{1,...,t}.

Fix such subsets Ty, ..., T C {1,...,t}andfori e {1,...,r}let B; = T; \ (Uj<i Tj).Then we can write

t
> [Tren
(s 8" i=1
Viell,...,r}: @ie.[j si=0

= > [T rfe» > [ ] 60 (®)

($)iein,....00\By est-IBrl ie{l,...,t}\B, (81)ieB, eS!Brl i€B,
Vjefl,...,r-1}: @ieTj si=0 @iEBr Si:@iETr\Br Si

Now fix (si)ie(1,...,t)\B, € 5t=1Brl such that for all j € {1,...,r — 1} it holds that @ieTj si = 0. We wish to upper

bound the inner sum in (8) for this choice of (s;);e(1,...,¢}\B,- In order to do this, observe that for s = (x1,...,x,) € S
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we always have

n

ol > ] ewbol=]]

by,...b,€Q ke[n] k=1

2, vlxb)| <

beQ

l_[ 4 Z v(xg, b)?,

beQ

by the QA-inequality. We now wish to combine this bound with Lemma 4.3 to obtain a bound on the inner sum in (8).
For this, we define let £ = |T,|n and define sets of keys Fy, . .., Fy and weight functions wy, ..., wy : 3¢ — R as follows.
Enumerate T = {i1, ..., i, |} such that {i1,...,i|p,|} = Br. Now for 0 < k < |B;|and 1 < j < n we define Fgp,,; = A;.
We further define the weight function wip,; @ 2¢ = Rby i,y j(x) = (/0 Xpep v(x, b)2 for x € X°. Observe that
these weight functions are all identical. Secondly, for |B,| < k < || and 1 < j < n, we define Frnyj = {si, (j)}, and
Winaj : 26 = Rby wi,yj(x) = 1forall x € X°. Then,

¢ n B, /2
D [Treoj= D] ]_[Wk<xk>s<n|Tr|—1>u>Cl_[(f~ > Zv(x,b>2) ,

(si)ieBy eS!Brl i€B, x1€By, ..., x¢€Br k=1 k=1 x€AL beQ
(4
Dics, 5i=Dicry 5, i Dewr X1=0
where the last inequality follows from Lemma 4.3. Note that this upper bound does not depend on the choice of
(si)ie(1,....t)\B, € $t=1Brl in the outer sum in (8). Repeating this argument another r — 1 times, and using that {1, ..., t}

is the disjoint union of By, ..., By, we obtain that

: n t/2
[ ]re) 1)!!)”-1—[(6 > u(x,b)2) .
1

(si)i_ €St i= k=1\ x€Ax beQ
Vjell,...,r}: @ieTj $;i=0

. t . . . .
Since there are at most 22 ways of choosing r and the subsets T4, . . ., T, and since r < 2, summing over these choices

yields

n t/2
[E[T7]| < 2% ((nt = y10y°r - ]_[(f Z Z o(x, b)Z)

k=1 x€AL beQ
t/2
< Opne f"f/Z]_[(Z 3 o(x.b) )
1\x€Ar beQ

[m]

We are now ready to prove the main theorem of the subsection, a bound on the sum of squared deviations of the value
function from its deviation when shifting by every j € [m], the second part of Theorem 2.1. As described in Section 2.1,
this bound is an important ingredient in the proof of the first part of Theorem 2.1. Namely, in our inductive proof, it
bounds the variance of the value obtained from the keys of one of the groups G; when the keys from this group are
shifted by a uniformly random XOR with h(«;).

THEOREM 4.5. Let h: ¢ — [m] be a simple tabulation hash function and S C X€ a set of keys. Letv: X X[m] — [-1,1]
be a value function such that the set Q = {i € [m] | Ix € =€ : v(x, i) # 0} satisfies |Q| < m®, where e < % is a constant.

For j € [m] define the random variable V; = Y xcs v(x, h(x) ® j) and let y = E [V] noting that this is independent of j.
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Foranyy > 1,

Pr LZ Vi=p?>Cp ». >, 0(xk)?| = Oy ecn/mb) ©

e[m] xeS ke[m]

whereCy =3 - 20 - y2 and this bound is query invariant up to constant factors.

Proor. First, note that we may write
1 1
Viepy= =i = = =i - =
== Y, 2 v =jek -~ 3 vtek) = ) Y o k) (e =jekl- ) (o)
x€SkeQ x€SkeQ x€SkeQ
Now, define v’ (x) = Yrep v(x, k)2 and for X C =€ we let v/ (X) = Y ex ¢’ (x) and define v, (X) = max,ex v’ (x).
Now applying Lemma 4.2 with respect to v’ we get position characters a1, . . . , @ with corresponding groups Gy, . . ., Gy,
such that, U]_,G; = S and for every i € {1,...,r}, v'(G;) < /()11 el (S)Ve . Fori € {1,...,r},j € [m] we define
the random variables
. . 1 . . h. i
X0 = 3 ok ([ \ @) = jo k] - ), y0) = xUehten),
x€G; keQ
where we recall that x \ @; denotes the set containing the position characters of x except a;. Notice that by (10),

. S\ 2
Vi—p=Yier YiO)A Writing V = 3 iem) (Vj — u)? = Zjelm] (Zie[r] Yi(/)) , the statement we wish to prove is
PrV > CEo'(8)] <0y (ISIm7Y) .
We proceed by induction on c. The induction start, ¢ = 1, and the induction step are almost identical, so we carry them
out in parallel. Note that when ¢ = 1 each group has size at most 1, i.e. |G;| < 1 for every i € {1,...,r}.
Let y > 1 be fixed. We write

-y i(yio>)2+ 3 Zrlylwygi) )

je[m] i=1 je[m] i=1

W Va

and bound V; and V; separately starting with V.
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12
Interchanging summations, Vi = Y7_, Yic[m] (Yl.(])) .In the case ¢ = 1,leti € {1,...,r} be given. If |G;| = 0,

N2
2jelm] (Yio)) = 0. If on the other hand G; = {x;} for some x; € X¢,

2
Z (Yi(j))z — . E ( E v(xi, k) ([h(xi) :j@k]_%))
jelm

jelm] keQ

[m]
2
AP v(xi,k>([h<x,~)eaj=k]—i))
Jjelm] \ke[m]
2
Z > v(x,-,k)([j:k]—%))
[m] \ke[m]

(k
l
([

- 2
Zm xl,

2
xl,])—— Z U(xi,k))
™ retm]

where the last inequality follows from the inequality E [(X -E[X ])2] <E [X 2]. Thus, we always have V; < v/(S) <

—£0/(S). In the case ¢ > 1 we observe that the keys of G; have a common position character. Hence, we can apply the

induction hypothesis on the keys of G; with the remaining ¢ — 1 position characters to conclude that

N\ 2
PrLZ (y}”) > CS (Gh)| < Oy, e (IGilm ™) .
je[m]

By a union bound,

CC
Vi > —v’(S)] <Pr[vi>Cilo(9)] < Z Oy,c(IGilm™) = Oy c(ISIm™) . (12)

ie[r]

Pr

Next we proceed to bound V2. For 0 < i < r define Z; = ¥ j[m] Yi(j)Ygl.) with Zyp = 0 and F; = U((h(aj))j‘::l) with
Fo = {0,Q}. As Ygi) is F;—1 measurable for j € [m] it holds that
B(Zi| Fini] = Z B [YY| 7| Y9 <0,
Jjelm]

and so (Z;, Fi)[_, is a martingale difference. We will define a modified martingale difference (Z], #;)_, recursively as
follows: We define the events A;, Bj and C; fori € {1,...,r} as

ﬁ (Z () < Cﬁ‘lv’«?w),

€[m]

Bi = (| (Var[Z | Faet] < m™/%0" (G)o (Gy))
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Finally, we let Zlf = [A; N B; N Ci] - Z;. Clearly B;,C; € Fi—1. To see that this is also the case for A; we note that for

k <i,
. ioh )
Z (YISI))Z — Z ()(]g]ea (ak)))z — Z (X]EJ))Z ,
jelm] Jjelm] Jj€lm]
and as each Xg) is F_1-measurable it follows that A; € F;—1. Now, as [A; N B; N C;] is Fi—1-measurable,

E [Zl/| 7:1‘—1] =[AiNnBiNGIE[Z;| Fi-1] =0,

which implies that (Z], F7)[_, is a martingale difference.

If Ay, B, and Cy all occur then }.[_, Z; = 3\7_; Z]. In particular
Cc¢ C
ZZ,>—U(5 <Pr Zz >—v(5)

ce
If C; does not occur then };¢[,] Z] > —v’(S) so a union bound yields

Pr +Pr[ASUBSUCE] .

CC
Va > —v S)} Pr

Cc

CY
Va > 7@'(5) <2Pr

C

r Cy
>z > 7z;’(S)] +Pr[AS] +Pr[B¢] . (13)

i=1

Pr

We now wish to apply Corollary 3.2 to the martingale difference (Z;, 7;)]_,. Thus, we have to bound |Z;| as well as the
conditional variances Var [Zl’ | ‘Ti,l]. For the bound on Z, observe that by the Cauchy-Schwarz inequality,

3 vy < [AiﬂBiﬂCi]J > (Y"O))ZJ D (yi}l))z
Jjelm]

je[m] Jjelm]

Zi, =[A; N B; NCj]

If A; occurs we obtain
212
Yi(])) < C)c/—lv/(Gi) < C;—lvl(s)l—l/cvéo(s)l/c .
Jj€lm]
by Lemma 4.2 and if A;, B;, and C; all occur then

> (v ) > (W ) +270; < CS (Gay) + 2050 (Gy) < 3CEV/(S) .
jelm] je[m] k<i

In conclusion
|Zl’| SC}L;—I/Z\/g,ul( 1- 1/(ZC ( )1/(20)

For the bound on the conditional variance note that if B; occurs then Var [ Z; | Fj—1] < m_l/zv’(Gk)U’(G<k) and thus,
Var [ Z]| Fi-1] = [ABAICiIVar [ Z | Fi-1] < m™/?0(Gp)o' (Gxe) -
It follows that 37_, Var [Zl’ | 7‘},1] < m~Y20(8)2. Letting
o = m V2 (5)?

and
M= C)clfl/z\/50/(5)1—1/(2c)vé0(5)1/(26)

in Corollary 3.2 we thus obtain

r ce¢ riqyl/c 2c-1/2 | . o 1/2¢
$ 1205 Do (s)] < exp - g O o€ NE w9\
i1 2 3Gy

Pr
-\/ﬁm{,o(S)l/‘f 20/(5)1/2c
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< 1 and then with b = Ym > 1 yields

, 1/(2¢c)
Applying Lemma 3.4 first with b = (v"f’(s)) )

v'(S
v(s)Ve C(cﬁc‘”zw/iwvgo(s)”“) ! (cﬁ”‘“zﬁw)

>
3CE ymoly (S) Ve 20 (S)1/2¢ 3cie! 2

We then use Lemma 3.3 to get

1 CZC—I/ZN/EW \/C_ (Cy)2c—1/2\/§\/ﬁ \/C_
3C$,c‘1 C( r 2 > NG .Y4 log(l + 5 ) > NG ~Y8 log(m) = y log(m) ,

where we have used that C, =3 -8 - y? and y > 1. Combining this we get that

Pr

r CC
ZZI'/ > TYU’(S)] <m7V. (14)
i=1

It thus suffices to bound the probabilities Pr[A¢_;] and Pr[B¢_, ]. For AY_,, if ¢ = 1 the discussion from the bound on

r-1°

V1 proves that A7, never occurs. If ¢ > 1, the inductive hypothesis on the groups G; and a union bound yields

r

PrlAi_ ] = Oy.c.c (Z IGiImY) = 0(ISIm™Y) . (15)

i=1

For B¢

¢_i» wecanforeachie€ {1,...,r} write

E

Var [Z; | Fi-1]

2
(1 D XiUeahwi»Yiji))

je[m]

2
(k) y()
2. (Z X, Y!i)
kelm) \jelm]

e[m

7‘7‘—1}

3=

Yi(il @k) Yi(iZ @k) Ygll) Yi/lZ)
ke[m] (ji,j2) €[m]?

LS gy y e

3=

—_

m i <i “<i
Utz Js:Ja) '?[”l]4
J19)28j38j4=0

Call this quantity T;. It follows from Lemma 4.4 and Markov’s inequality that

E [Tiz)’/(l—‘lf)]
< Oy,e,c(miy)'

mv/(1—4¢) (v’(Gk)v’(G<k))2Y/(l‘4f) =

Pr [Ti > mil/zv’(Gk)U’(G<k)] <

Thus, Pr[B;_;] = O(IS|m™") by a union bound.
Combining equations (11)-(15) we conclude that indeed Pr [V > C}c,v'(S)] = Oy, e,c(ISIm7Y). )

4.3 Establishing the Concentration Bound

With the results of the previous subsection at hand, we proceed to prove the first part of Theorem 2.1. We show that
for a value function of support bounded in size by m* for some ¢ < 1/4, simple tabulation supports Chernoff-style

bounds with added error probability inversely polynomial in m. For convenience, we restate the first part of Theorem 2.1
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as Theorem 4.6. The statement is equivalent to Theorem 2.1 but for precision, we have chosen to write out the statement

more explicitly.

THEOREM 4.6. Let h: ¢ — [m] be a simple tabulation hash function and S C 2€ be a set of keys. Letv: X¢ X [m] —
[-1,1] be a value such that the set Q = {i € [m] | Ax € =€ : v(x, i) # 0} satisfies |Q| < m*, where e < }1 is a constant.

Define the random variable W = ¥, cs v(x, h(x)) and write i = E[W] and 2 = Var [W]. Then for any constanty > 1,

Pr [|W -yl > Cy,ct] < 2exp (—O’ZC (é)) +Oy,e,c (|S| m_Y) ,

c(c-1)
where Cy,c = (1 + %) 2 (Cey)3® for some large enough universal constant C.

Proor. First, akin to the proof of Theorem 4.5, we may write
1
V=W-pu= = - =
= Y k) () =je k- ),
x€SkeQ
and note that

2
Var [V] = Var [W] = Z Z %v(x,k)z —(Z %v(x,k)) .

x€S\keQ keQ

We proceed by induction on c. For ¢ = 1 we have full randomness and it follows immediately from Corollary 3.2 that
t
Pr(|V] >t] < 2exp (—UZC (—2)) .
o

Now assume that ¢ > 1 and inductively that the result holds for smaller values of c. We define v’(x) = }, keo v(x, k)?

and for X C 3¢ we let 0" (X) = Y xex ¢’ (x) and define v}, (X) = maxyex v’(x). Now, applying Lemma 4.2 with respect

to w = v’ we get position characters a1, . .., @, with corresponding groups Gi, . . ., Gy, such that U]_  G; = S and for
every i € {1,...,r},v"(G;) < v'(S)'"V/0v/,(S)}/¢. Forabin j € [m] and an i € {1,...,r} we again define
R . 1 h(a;
x0= 3 Zv(x,k)~([h(x\a,—):]eak]—;), y; = x|
x€G; keQ

Note that 3.7_, ¥; = V. Fori € {1,...,r} we define the o-algebra F; = o ((h(a;) ;:1). We furthermore define Yy = 0 and
Fo = {0, Q}. As Y; is Fj-measurable fori € [r+ 1] and E[Y; | Fi—1] = 0fori € {1,...,r}, (Yi,?'i)ir:o is a martingale
difference. Furthermore, for i € {1,...,r},
1 N\ 2
Var[Yi| Fial == ) (XIV)) .
m
Jj€lm]

According to Theorem 4.5 there exists a constant K = 3 - 26 - y2 such that

Pr[/z (xl.U))Z > K*10/(Gy)| < Oy p.c (IGH M) . (16)

je[m]
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Fori € {1,...,r} we define the events

A=) (Z )2 <K' (G |
k<i\j

€[m]

B; = Il?éul( IX](cj)I < Cyst,e-1M |,
jelm]
for some M to be specified later. We define Z; = [A; N B;]Y; fori € {1,...,r} and Zy = 0. As both A;, B; € Fi—1 we
have that E[ Z; | Fi-1] = [Ai NBi]E[Y; | Fi—1] = 0for {1,...,r} so (Z;, Fi)]_, is a martingale difference. By definition
of A; and B; it moreover holds for i € {1,...,r} that

KL‘71 ’ Gi
121 < CpavenM and Var[Z] i) < 20D

chl I(S)

(%
m

and applying Corollary 3.2 we obtain

L o? tC M
) _ 0 y+1l,c-1
ZZ, < 2exp( o M2C< 2 . (17)

i=1 y+1l,c-1 0

Setting ag =

Pr >t

If Ar—1 and By—1 both occur then }\7_; Z; = 3\7_, Y; so it must hold that

,
2%

=1

Pr[|V|>1t] <Pr >t| +Pr [Ai_l] +Pr [Bﬁ_l] )

We may assume that m > 1, i.e., the number of bins exceeds one, and then by the Cauchy-Schwarz inequality,

2
keQ

v

x€S\keQ keQ x€S \keQ

Z),rﬁlS) (1 B mll_f)
S v’(S)

3m

2
%
~ 3Kel

so using (17) we obtain

3K 152 Cy,c -t Cy+1,c—1M
Pr(|V] 2 Cyct] < 2exp (_cz MZC( Kois +Pr{al_ | +Pr[B ] . (18)
y+1l,c-1

By (16) and a union bound Pr [Aﬁ_l] < O(|S|m™Y). For bounding Pr [Bf_l] we use the induction hypothesis on the
groups, concluding that fori € {1,...,r} and j € [m],

|

i M
X;J)' > Cy+l,c—1M:| < 2exp (—0?6(;)) +O0(IGilm™' 1y,
i
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where crl.z = Var [Yi(j)] < v’(G;)/m. By the initial assumption on the groups, this implies O'iz < v’ (S)"Y<y! (S)/m and
we denote the latter quantity 72. Combining with Lemma 3.5 we obtain by a union bound that

Pr [Bﬁ_l] < 2|S|mexp (—TZC (T—A/ZI)) +0(ISIm7Y) .

We fix M to be the unique real number with 72C (%) = (y + 1) log(m). With this choice of M, Pr [Bﬁ—l] < O0(|S|m™Y),
so by (18) it suffices to show that

SKC*I 2 C . -t-C 1 —lM t
> ? 5C e C_;;+ Zc > min {GZC (—2) , ylog(m)} . (19)
Cy+l,C—1M 3K 'o oy
. . Cy.cCyit,c-1 .
First since —“22c7— > 1 Lemma 3.4 give us that

3(K)/)C_1 GZC(CYvC't'CY+va_1M) S CY,C ;/'I_zzc(tM) .

c? M2 3(Ky)¢ ! o2

y+lc-1 cy+1,c—1

Now by definition of Cy . and Cy+1,c—1 we get that

c(c-1)

C (1 + l) 2 (Cey)3®
Y.c Y
= D > (Cey)® .

C _
y+lec-1 (1 + ﬁ) 2 (Ce(y + 1))3(c—1)

So we have reduced the problem to showing that
2
o tM . t
(Ccy)3ﬁ (?) > min {UZC (;) ,ylog(m)} .

For that we have to check a couple of cases.

Case 1. 8L < 1: Using Lemma 3.3 twice and the fact that (Ccy)? > % we get that

[
tMy\ _ (Ccy)? t
(CC)/)3O'ZC (?) > 3 ? > olC (;) .

Case 2.v'(S) < m(1=¢/9(14555) : We then get that

2. U/(S)l—l/cvéo(s) m(l—e/c)(l—ﬁ) /e
T =

=m 2c-1

m - ml-¢/c
Now we note that M < 12yc since
12 12 1-
’c (#) > 12yclog (1 + #) /2 > 6yclog(1/7%) > 6)/c2—g/1C log(m) > (y + 1) log(m) ,
T T c—
where we have used that ¢ < % andy > 1.
We then get that

o e )2 S o) 2 o) o 2).

Case 3. ;—AZ/I > 1andv’(S) > m(1=¢/9)(1+525) . We see that M < max {6y log(m), \/6y log(m)f} since

20 (max {6)/ log(m), y/6y log(m)r} ) > max {6)/ log(m) 6y log(m)

2 3 3

bl

} 2 (y + 1) log(m) ,

T



38 A. Aamand, J. B. T. Knudsen, M. B. T. Knudsen, P. M. R. Rasmussen, and M. Thorup

’0'(5)1_1/52}&(5)1/0

4 1-2¢
where we have used Lemma 3.3 and that y > 1. Now we have that % > % > mze-1 /3 and 72 < =

Combining this we get that

2 o2 o2
> mi
Mz =R { 36y2log(m)2’ 6y log(m)z? }

L2e ’ 1/c
) mze-1 ( ’(S) ) 1
> min A= .
108y2 log(m)2” \ v5(S) 3 - 6y log(m)

. migﬁ 1-2¢ 1
- 7% - o—_—
=T Tosy2Zlog(m)z” " 18y log(m)

mic

~ 108y2log(m)?
log(m)

T 108 - 43c3y2 ]
1

where have used that ¢ < i and that lorg”(;‘;)z > 104%(:;1). Now we get that
2
30 tM 3 log(m)

5 GENERAL VALUE FUNCTIONS - ARBITRARY BINS

The goal of this section is to prove Theorem 2.2, the second step towards Theorem 1.2. Again, we postpone the argument
that our concentration bounds are query invariant to Section 7. Recall that Theorem 2.2 is concerned with a hash
function of the form h = 7 o g, where g : 3¢ — [m] is a simple tabulation hash function and 7 is a uniformly random
permutation. Our goal is to prove that for any value function v: X¢ X [m] — [-1, 1], the sum Y, e5c v(x, h(x)) is
strongly concentrated with high probability in m. This result follows by combining the distributional properties of g
with the randomness of 7.

We start out by proving a lemma. The lemma describes properties we need g to possess for the final composition

with 7 to yield Chernoff-style concentration.

LEMMA 5.1. Let m > 2 be an integer and C,T € R positive reals. Furthermore, let V: [m] X [m] — R be a value
function satisfying ¥ ;e[m) V (i, j) = 0 for every j € [m] and such that
o2
max |V (i,j)] £ M := max {C, —} ,
i,je[m] T
where g% = % 2ie[m] Zje[m) V(i,j)2. Ifr: [m] = [m] is a uniformly random permutation, then the random variable

Z = Yietm) V(z(i), 1) satisfies

Pr[|Z] = Dt] < 4(exp (—csz (é)) + exp (—%)) s

where D = max {8C, 12} is a universal constant depending on C.
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Proor. We define Y1 = Zl.zr(l)/z]_l V(r(i),i) and Yo = ;’:rln/z] V(r(i),i). Since Z = Y1 + Yy it follows that if
Z > Dt then there exists i € {1, 2} such that Y; > %t. It suffices to show that

Pr [Yi > Bt] < exp (—O‘ZC (L)) + exp (—O‘ZC (l)) , (20)
2 a2 a?
for i € {1,2}. A union bound over i then yields a bound on Pr[Z > Dt]. Since we may instead consider the value
function —7V, the same argument yields a bound on Pr[Z < —Dt], which concludes the proof.

Thus, we shall prove (20) for Y; - the proof is completely analogous for Y,. Define the filtration (7‘})1.:(’)/ 21 by
Fi=o ((T(j))je[i]) and let X; = E[Y7 | ;] such that (Xi,?—i)ir:(l)/z] is a martingale, Xo = E[Y1], and X[p,/27 = 11.
Towards applying Corollary 3.2, we bound |X; — X;—_1| and Zifinl/ﬂ Var [ X; — Xi-1| Fi-1]-

First, we bound |X; — X;_1|. We start by writing

Xi-Xi1=E[Y1| FH]-E[V1] Fi-1]
[m/2]-1
=V((i-1),i-1)-E[V(E@E-1),i-1)]| Fi1] + Z E[V(c(k). k)| Fi] —E[V(z(k),k) | Fi-1]) -
k=i
Now, note that for k > i,
i-1
E[VERLK) | il =-—— 3 V(LB
=0

since ¥ re[m] V(. k) = 0, and furthermore,
1 i-2
BLV@EH). 0] Fial = = —— B[V -1.0)] Fial + ), V(E().h)
j=0
Hence, it follows that

Xi=Xim1 =V((i-1),i-1)-E[V(c(i-1),i = 1) | Fi-1]
[m/2]-1
1 . .
-—— > (V-0 -E[V(ei -1,k | Fiial) -
m—i
Since |V (i,j)| £ M for all i,j € [m], it follows that | X; — Xj_1| < 4M.
Second, we bound Var [ X; — X;—1 | Fi—1]. To this end, observe that
[m/2]-1

V(E@i-1),i-1)— —— V(r(i—1),k
(t(i=1)i=1) = — kZ (z(i=1),k)

Var [ X; — Xj-1| Fi-1] = Var

7‘3—1}

[m/2]-1
SZ(Var[fwf(i—l),i—lnﬁ_1]+—. > Varm/(ra—l),k)m_ﬂ),
mTl S
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where the inequality follows from the fact that 2Cov (A, B | H) < Var[A| H] + Var [ B| H], for any random variables
A and B and any sigma algebra H. For any k € [m],

Var [V(e(i = 1).k) | Fi-1] <E[V(e(i - 1).0)? | Fio1

1 Z N2
=— V(. k)
Mot (i)
1 N2
= m—i+1 Z VG0
Jjelm]
2 N2
<= > VGRE,
jelm)

where the last inequality follows from the fact that i < [m/2]. Hence,

[m/2]-1
Var [ X; — Xj—1| Fi-1] < Z(Var[(V(r(i -1),i—-1)| Fi-1] + P Var [V (r(i - 1),k) | 7‘71])
k=i

4 , 5 M2

<= D VG~ Y Y VGR’
j€[m] k=i je[m]

4 s 16 9

<~ > VG e >0 Vak?,

jelm] ke[m] je[m]

again using that i < [m/2]. We now see that

[m/2] LIV 6
D VarlXi—Xim | Fiel < Y0 (= DL VG — D D VGR?
i=1 =1 \"™ jemm ™ keTm] jetm]

The assumption on V implies that E [V (z(i),i)] = 0 for each i € [m], so also E [Y;] = 0. Applying Corollary 3.2
then yields,

2002 ((D/z)r-4M)):eXp( SUZC(DMt)).

D
P [Y > —t] <exp|- - c|—
e eXp( (aM)? 2002 aM? " \1002

The goal is now to show that
502 (DMt gt T?
4MZC(1002) me{o C(?)’ﬁ}' @)
Because if this is the case, then as desired
D t T2 ¢ T2
Pr [Yl > Et] < exp (— min {UZC (;) s Tﬂ}) < exp (—UZC (?)) + exp (—ZT‘Z) .

We check (21) by cases. This completes the proof.
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Case 1. M < %: In this case, % < 1. Thus, by Lemma 3.4,

2 2

Ll c(—DMt) > D—azc(i) > azc(i) :
4M? "~ \1002 80 2
using that D > 12 > 1/80.

Case 2. %0 < M < C: In this case, % > 1. Thus, by Lemma 3.4,

502 (DMt D , (t D t t
50 G (DM, D g (1) 5 D ( L) s e (L)),
Mz ( 1002 ) sm’ “\52) =8¢ W \g2) =7 (2

using that D > 8C.

Case 3. M < ”TZ: In this case, recall that D > 12 such that % > 1 and we may apply Lemma 3.4, yielding
ST (DM, ST (B 1), D (1)
4M? " \100%2) ~ 402 " \10T/ ~ 802 \T
By Lemma 3.3,

So finally,

502 (DMt . (Dt DT? (D 5, (t\ DT? .ty T?
—C(—)me ——,—— ¢ >mingy —o C(—),—— > min O’C(—),— s
4M2 ~ \ 1002 24 g2’ 24 52 12 2]’ 24 52 2]’ 202

where we have used Lemma 3.3 and the fact that D > 12.

With this result in hand we are ready to prove Theorem 2.2. We restate it here in a more technically explicit version.
For a more intuitive understanding, please refer back to the original statement. Note that we only require the hash
function h of the theorem to be 2-independent, whereas Theorem 2.2 requires the hash function to be 3-independent.
The difference lies in that the statement of Theorem 2.2 is slightly stronger, guaranteeing query invariance. Having

deferred the treatment of query invariance until later, we only need 2-independence for now.

THEOREM 5.2. Let ¢ € (0,1] and m > 2 be given. Let h: A — [m] be a 2-independent hash function satisfying the
following. For every y > 0 and every value function0: AX [m] — [—1,1] such that Q = {i € [m] | Ix € A: O(x, i) # 0}
has size |Q| < m?, the random variables W = Y,y ca0(x, h(x)) and Wj = Yxca 0(x,h(x) ® j),j € [m] with mean
puw =E[W]=E [W]] and variance (f‘%‘, = Var [W] satisfy the inequalities

Pr|W —py| > C-t] < 2exp (—05‘,6‘(%)) +O(JA|m™Y), (22)
Ow
| S (W) 2D Y Y k2| = 00AIm ), @)
je[m] x€AkeQ

for everyt > 0, where C and D are universal constants depending on'y and e.
Letv: Ax [m] — [-1,1] be any value function, t: [m] — [m] a uniformly random permutation independent of h, and

¥ > 0. The random variable U = ¥ c o v(x, (h(x))) with expectation i = E [U] and variance o = Var [U] satisfies

Pr{[lU—-p|>E-t] <6exp (—0'2C (é)) +O(|A|m™Y) (24)
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for everyt > 0, where E is a universal constant depending on y and «.

Proor. Define v’ : AX [m] — [—1, 1] by letting v’ (x, i) = % (v(x, i) — % Yjelm] v(x,j)) and write V = U — p. Since
Yie[m] ([T(h(x)) =i]- %) = 0, we may write

V=Y Y el = - Y Z Z(( )y ([f<h<X>>:i]—%))'(% Z]”@"ﬁ))

x€Aie[m] x€Aie[m xeA\\ie[m] j€[lm
-y Y (v(x,n-% 3 v(x,j))([r(h(x))ﬂ]-%)
x€Ai€[m] j€[m]
1
=2 N=il-—].
2, 2 v (ree =a-7)

We write V' = Yxca Yie[m) v’ (x,1) ([r(h(x)) =i]— %) such that V = 2V’. We note that by 2-independence

(v(x e - = Y vl n” ~ > Z V' (x i)

]G[m] xEAzE

ot = Z Var [v(x, 7(h(x)))] = Z E

x€A x€A

Thus, we may write 0’2 = Var[V’] = erA Yie[m] V" (%, i)2. We proceed to show that for some constant E’

depending on y and ¢,

o

/-t] Séexp( 2h( ))+O(|A|m vy,

As ¢’ < o and V = 2V’ the theorem then follows with E = 2E’ by applying Lemma 3.5.
Fori € [m] we define 0'2 =1 = 2xea v (x, i)2, so that Yie[m] 0'1.2 = ¢'2. Assume without loss of generality that

crg > > 0 1- Now define V : [m] x [m] — R by

1
Vi) = Y o' te) () =11 - ).
m
x€A
Note that for any j € [m], Xie[m] V(i,/) = 0, regardless of the (random) choice of h. With this definition, V' =
Sietm] Vi, 7(0)) = Zjem) V(7' (), ). Now let
Vi= > V@G and Vo= Y VETH))),
jelm?] jelm\[m]

and note that V; + V, = V’. Defining value functions v{,v;: Ax [m] — [-1,1] by

v{(x,i)={v (ed). ifielm] vg(x,i)={v (o), ifi € [\ [n]

0, otherwise 0, otherwise

we observe that

Vi= ) v r(h(x) B

x€A

> v{(x,r(h(x)))} and Vp = of(x,7(h(x)) - E

x€A x€A

> v, r(h(x)))]

x€A
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> ) . o -y-1 — g—’
Let D > 1 be such that Eq. (23) holds with added error probability O(|A|m ) and let M = max {C, ‘/W}

for some large constant C to be fixed later. Define the two events

A= ) (maxI’V(i,j)IsM) and 8= () (Z (V(i,j)2<Daj2m).
jelm\me) " jetm) \i&0m]

By a union bound,
Pr[|V’| > E't] < Pr[|V4| > E’t/2] + Px[|[A] - [B] - V2| = E’t/2] + Pr[A€] + Pr[B€],

and we proceed to bound each of these terms individually.
First, we bound Pr[|V;] > E’t/2]. To do so, suppose we fix the permutation 7 = 7. With this conditioning and by

2-independence,

Var [Vi] 7 = ] =Var | " [1o(h(x)) € [m*]] - o' (x, To(h(x)))] < " B[lr(h) € ] o' (x, 0 (h(x))?]

x€eA x€A
1
= Z Z V' (x,))% < 0’
x€A je[m?]

Defining v : A X [m] — [-1,1] by O(x, i) = v{ (x, 70(i)) it holds that

— L1
W= Z Z o(x, i) ([h(x) =i] - ;) .
x€Aier; ! ([me])
As v has support of size at most m® we can apply Eq. (22) to conclude that
t
Pr[|Vq| = E't/2| 7 = 9] < 2exp (—0'2C (—/2)) +O(JAjm™"),
o
if the constant E’ is large enough. Since this holds for any fixed 7o, it also holds for the unconditioned probability.
We now bound Pr[|[A]-[B]- V2| > E’t/2]. 1t suffices to condition on h = h for some hy satisfying that [A] = [B] = 1
and make the bound over the randomness of 7. For this we may use Lemma 5.1. Indeed if h = h¢ for some hy such
that [A] = [B] = 1, then Yc(m] Xje[m] %"V(i,j)z < Do’?. Here we used the conditioning on A. Define the
function Vp : [m] X [m] —» R by V(i,j) = V(i,j) when j € [m] \ [m®] and V,(i,j) = 0 otherwise. Then also
Yie[m] Zje[m] %(Vo(i,j)2 < Do"? and further, for each j € [m], Yie[m] Vo(i,j) = 0. Finally, the conditioning on 8
gives that max; je[m) Vo(i,j) < M. Note that V2 = ¥ jc[m) Vo(r71(j), j). Applying Lemma 5.1 to Vj, noting that the
bound obtained in that lemma is increasing in o, we obtain that

! )) + exp (—y log m)) =4exp (—Q (O"ZC (ﬁ))) +0(m™),

Do 72
if E’ is sufficiently large. From this it follows that,

Pr(|Vz| > E't/2] <4 (exp (—DO',ZC (

t
Pr{[A] - [B] - [Va| = E't/2] < 4exp (—U'ZC (—2)) +o(m™).
o
We finally need to bound Pr[A€] and Pr[8B€]. By the choice of D and a union bound we obtain that Pr[B¢] =
O(JAIm™Y), so for completing the proof it suffices to bound Pr[A€] which we proceed to do now. More specifically we
bound Pr[|V (i, )| = M] for each (i, ) € [m] x ([m] \ [m?]), finishing with a union bound over the m? choices. So let
(i,j) € [m] x ([m] \ [m®]) be fixed and define @ : A x [m] — [~1,1] by ¥(x, i) = v;(x,j) and F(x, k) = 0 for k # i. Then
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© has support A X {i},

Vi)=Y, Y k) ([r(h) = i]_%),

x€Ake[m]
and Var [V (i, j)] < % YxeAVy (x,))% = crjz < ¢"?/m¥. The last inequality follows from our assumption that O'g > 2
an_l and j > m®.

By the assumption of Eq. (22) with y replaced by y + 2 it follows that

M 72 Mmé
Pr(|V (i, )l = M] < 2 exp<—Q (0']-2()(—2))) +O(lAlm™ %) < 2exp (—D’U—EC ( - )) +O0(|AIm™Y7?),
O-j m o
for some constant D’. We finish the proof by showing that if the constant C from the definition of M is large enough,

then )
o’ Mm® o
2exp (_D,Fc( 0_,2 )) :O(m Y 2).

For this it suffices to show that if C is large enough and m is greater than some constant, then

72 &
J_C(Mm )Z (y+2)logm.

me =\ o D’

/2

Suppose first that 6’2 < m#/2. In that case we use Lemma 3.3 to conclude that

2 Mmé M Mm# C C
7 m > —log Mg 2—log(Cm€/z+1)2—Elogm,
c’? 2 4

mé o’? 2

(y+2)logm
— D

so if C > 4’1/)—22 this is at least . Now suppose m¢/% < ¢’ < m?¢/(2Dy log m). In that case we recall that

M = max {C, g

——2 | and use the bound
2Dy log m

O_/ZC(Mms)>M1 (Mm£+1)> o’ . mé i o mél4
i > —1lo > o = .
mé ez 2 8\ o /8Dy logm & a’+/2Dy logm ylogm

(y+2)logm
— D

If m is larger than some constant, this is certainly at least . Finally suppose that ¢’ > m?¢/(2Dy log m).

Using the inequality log(1 + x) > % holding for 0 < x < 1 we find that

0./2 Mmé o’ mé mé
—C ( 3 ) > log +1|> .
mé a’ /8Dy logm o’+/2Dy logm 8Dy logm
Again it holds that if m is greater than some constant, this is at least ()/Jrz).#. It follows that if C is large enough, then
Pr[|V(i,j)| = M] = O(|A|m™¥~2). Union bounding over (i, ) € [m] x ([m] \ [m?]) we find that Pr[A€] = O(|Alm~Y).
Combining the bounds we find that
t
Pr{|V’| > E't] < 6exp (—a’zh (—2)) +O(JAIm™),
o

which completes the proof.

6 EXTENDING THE HASH RANGE

This section is dedicated to proving Theorem 2.3, which we will restate shortly. Again, we will postpone the argument

that our concentration bounds are query invariant to Section 7. First, we prove the following technical lemma.
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LEMMA 6.1. Let % > 0 and t > 0. Writing s = max {02, Vtaz},
t t

s-C(2) = 0%c(5) .
s o

ProoF. For t < o2 the inequality is trivial, so suppose ¢t > o2. We note that for x > 0, 1 + vx > V1 + x, such that
lg(1 + v/x) > 1g(1 + x)/2 for every x > 0. Using this fact in between two applications of Lemma 3.3, we find that

(i) o)l )z e ()

Next, we recall the law of total variance.

LEMMA 6.2 (LAW OF TOTAL VARIANCE). For every pair of random variables X, Y,
Var[Y]=E[Var[Y| X]] + Var[E[Y| X]].

In particular, Var [Y] > Var [E[Y | X]].

We are now ready to prove the main theorem of the section, which informally states that concatenating the output
values of hash functions preserves the property of having Chernoff-style bounds. Note that the following is a much
more explicit and elaborate statement of Theorem 2.3. The purpose of this restatement is to make a formal proof more
readable. The reader is encouraged to refer back to Theorem 2.3 for intuition regarding the theorem statement. Again,
we highlight that we have left out the part of Theorem 2.3 concerning query independence. How query independence

is obtained will be discussed in Section 7

THEOREM 6.3. Let A be a finite set. Let (Xg)aeca and (Ygq)aeca be pairwise independent families of random variables
taking values in Bx and By, respectively, and satisfying that the distributions of (Xq)aea and (Ya)qeca are independent.
Suppose that there exist universal constants Dx,Dy > 1, Kx,Ky > 0, and Rx, Ry > 0 such that for every choice of value
functions vx: AX Bx — [0,1] and vy : AX By — [0, 1] and for everyt > 0,

t
Pr Z vx(a,Xg) — ux| > t| < Kx exp (—G)Z(C(—Z>/DX) + Ry, (25)
acA Ox
2 t
Pr Z vy(a,Yq) — py| > t| < Ky exp|-0o3C — /Dy |+ Ry . (26)
acA Oy

wherepx = E[Yaeavx(a,Xa)] py = E[Zaecavy(a, Ya)l, 0)2( = Var [¥ e vx(a, Xa)], andcr)Z/ = Var [Y4ea vy (a Ya)l.
Then for every value functionv: AX Bx X By — [0,1] and everyt > 0,
Pr

Z v(a,Xq,Ya) — pxy| >t

acA

t
< Kgy exp (—O')Z(YC<2—) /ny> +Rxy ,
Xy

where jixy = B[Yqea (e, Xa, Ya)), 0%y = Var [$aea 9(a, Xa. Ya)], Dxy = max {144Dx, 72Dy}, Kxy = 3Kx + Ky,
and Rxy = 3Rx + Ry.

PROOF. Let a value function, v: A X Bx X By — [0, 1], and a positive real, ¢ > 0, be given. Define V,; = v(a, Xg, Yy),

fia = E[Vg], and crg = Var [V ]. We shall be concerned with the variance of V; when conditioned on X,. Hence, we
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define
2 2

60 60
Lo =|Var[V,]| X4] > % and S; = |Var[V,| X4] < %

to be the indicators on the conditional variance of V,; given X, being larger or smaller, respectively, than the threshold

6 2
%. Noting that L, + S; = 1, we split the sum ), ;c4(V, — pg) into three parts.

D Va=pa) = D (BIVal Xal - ta)

acA acA
T
+ ) La(Va=E[Val Xgl)
acA
T,
+ > Sa(Va—E[Val Xa))
acA
T3

Now, the triangle inequality and a union bound yields

Pr >t =Pr

Z v(a,Xa, Ya) — pixy

acA

Z (Va - lla)

acA

3
> t] < ZPI‘[|T1'| >1/3].
i=1

We shall bound each of the three terms T1, Tz, and T3 individually.

For bounding Pr [|T1| > t/3], define the value function U( ). : AXBx — [0,1] by e )( x) = E [V, | X4 = x]. Note that
E[E[Va| Xa]] = ptq and Var [E [V, | X4]] < 62, by the law of total variance, such that Var [ZaGA vgg)(a, Xa)l| < cr)z(y.
Thus, by Equation (25) and Lemma 3.4,

Pr[|T1| > t/3] =

r Z (vg)(a,Xa) —ya) > t/3}

acA

<KXexp< O'XYC( /s >/DX>+RX
TRy

< Kx exp (—O’XYC< )/(9DX)> +Rx .
TRy

For bounding Pr [|T2| > t/3], we may assume that t > 60}2(Y since otherwise T = 0 almost surely. Now, recall that
Lg=|Var [V, | Xq] > 4 Iéo)z(y/t] and write Z = Y, ;4 Lq. We observe that since V, € [0, 1] almost surely, Z > |Tz|
almost surely. By the law of total variance, E [Var [V, | X,]] < 02, so by Markov’s inequality,

2

60 t
E[La] = Pr|Var [V, | Xo] > \|—X | < o2
t 6G)Z(Y

Now, Var [Ly] < E[Lg] < aa t/(60%y) as Lq € [0,1] almost surely. Thus, E[Z] < ,[ta)z(y/é and Var [Z] < ,/toBz(Y/G.

Combining this with t > 60%,,, we may write

XY’

Pr{ITol > /3] < Pr |2~ E(2) > t/3 = \Jta%y /6] < PrZ =2 (2] > 1/6)].
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Applying Equation (25) with the value function vﬁ?) : AXBx — [0, 1] given by vg(z) (a,Xg) =LgtoPr[|Z —E[Z]| > t/6]
yields

t/6
Pr[|Tz| > t/3] < Kx exp —,Imf(Y/&C ; /Dx |+ Rx
,Ita)z(y/éo

< Kx exp (—O')Z(YC (tz/—é) /(4DX)> + Ry
Oxy

t
< Kx exp (—O')Z(YC (2—) /(144 - DX)) + Ry,
%y
where the second follows from Lemma 6.1 and the third inequality follows from Lemma 3.4.

Lastly, we shall bound Pr [|T3| > ¢/3]. By a union bound,

Pr[|Ts| > t/3] < Pr [(|T3| > t/3) A (Var[T3| (Xa)acal < 2max {U)Zﬂ,, to)z(Y})]

R

+Pr [Var[T3 | (Xa)aeal > 2max {U}Z(Y’\jmg()/}] ‘

R,

First, we bound R;. For each a € A, let x, € Bx be given such that P(Ya € A: X; = x4) > 0. We bound the probability of

R; conditioned on (X; = x4)4e4 and since our bound will be the same for every choice of (x4)ge4, the bound will hold

unconditionally. Now, if Var [ T3 | (X4 = xg)qea] > 2 max {U)z(y, A Itaf(y}, then R; = 0. So assume otherwise and define
the value function v;l) : AX By — [0,1] by v;l)(a, y) = Sq - 0(a, xq,y), where S, = [Var [Val| Xq =x4] < ,/60)2(),/1‘].
Then Tz = Y 4ca (vgfl)(Ya) -E [vg)(Ya)]) and by assumption, Var [ZaEA v§/1>(a, Ya)] < 2max {0)2”, A [ta)z(y}. Thus,

we may apply Equation (26) with vg,l) to obtain

Pr[(Ts1 > 1/3) A (Var[Ts] (Xadaea] < 2max {ody, 1ok }) | (Xa = xa)aea]

t/3
< Ky exp —2max{(f)z(y,‘/t0')2(Y}C 2/ - } /Dy |+ Ry

2 max {axy, tchY

t
< Ky exp —max{a)z(y,‘/ta)z(y}c ———|/(18Dy) |+ Ry
ol

2
max {ny, toyy

t
< Ky exp <_0)2(YC (Uz_>/(72DY)) +Ry,
XY

where the second follows from Lemma 3.4 and the third inequality follows from Lemma 6.1. In conclusion,

t
Ry < Ky exp (—O')Z(YC (2—) /(72Dy)> + Ry.
Ixy
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Second, we bound R;. Define the value function vﬁ?) : AX Bx — [0,1] by

602
vg)(a,xa): Var [V, | Xg = x4] < i{Y <Var [V | Xq = x4] -

Then Var [T3 | (Xg)aecal = Daca US)(Q,XQ). Now, by the law of total variance,

E [Var [T3 | (Xa)aGA]] < Var [T3] < U)Z(Y’

t
2
605y

and since ‘US)(X{;) € [0, 1] almost surely for every a € A, pairwise independence yields

t t
2 Var [T3 | (Xq)geal 2 Var [T3 | (Xq)aeal| < \[to')z(y/é .
V 60y y \/ 605y

(3), Lemma 6.1, and Lemma 3.4, we obtain

Var <E

Applying Equation (25) with v

Ry < Pr [IVar [T | (Xa)aeal = E[Var [T3 | (Xa)aealll > max {0 y. yfrody }]

t
=Pr |\ ooz V(B (Xhaeal =B [Var (15| (el > mx {Jroty 15, t/s}}
<Pr| -  Var[T3 | (Xa)aea] - B [Var [T3 ] (Xa)aealll > t/6]

Oxy

t/6
< Kx exp —ﬁta)Z(Y/éC ; /Dx |+ Rx
1[tzf)zﬂ,/é

< Kx exp (—a)z(YC<t2/—6) /(4DX)) +Rx
xy

t
< Kx exp (—O')Z(YC<2—> /(144DX)> +Rx.
Oxy
Combining the bounds on Pr [|T;| > t/3] for i € {1, 2,3} completes the proof. m]

7 QUERY INVARIANCE

In the following, we will briefly explain for each of the main sections of the paper, why all theorems still hold when
adding the condition of query invariance of Definition 2. Recall that query invariance comes into play when we have a
hash function and a concentration bound in the following manner. The concentration bound is query invariant if for
any hash key ¢, a query key, the concentration bound still holds whenever we condition the hash function on the hash

value of q.

Simple Tabulation Hashing. In [38] it is observed that ordering the position characters a; < -+ < @, such that
ai, ..., oc are the position characters of the query key g only worsens the bound on the groups, G;, by a factor of 2. We
consider a slightly more general case, but exactly the same argument still applies. Always imposing this ordering in our

proofs lets us condition on the hash value of q and only causes some of the constants to increase by a small factor.
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Tabulation-Permutation. In the proof of Theorem 2.2 we consider some specific value function w. We proceed by
considering separately the m? bins § C [m] of largest contribution to the variance, o2, and then the remaining bins,
[m] \ S. The contribution of each subset of bins is then individually bounded. In the first case, we simply use the
assumption on the hash function h that we received in a black box manner and use no properties of the permutation.
Now, say towards query invariance that we require that 7 o h(q) = i. To support this, we instead chose S to have have
size |S| = m?/2. This does not change the proof by more than constant factors and simply adding i to S yields a set
S’ = S U {i} of size S’ < m?, such that the assumption on h directly yields the result. In conclusion, the proof goes

through exactly as before.

Extending the Codomain. In this section nothing in the proof requires us to take into special consideration the
conditioning on a query key. We simply consider families of hash functions in a black box manner and thus, we may as

well consider families that have already been condition on the hash value of the query key q.

8 TIGHTNESS OF CONCENTRATION: SIMPLE TABULATION INTO FEW BINS

Recall the result of Theorem 1.1. If h: [u] — [m] is a simple tabulation hash function with [u] = 3¢ and ¢ = O(1), and
S C [u] is a set of hash keys of size n = |S| where each key x € S is given a weight wy € [0, 1]. Then for arbitrary y € [m]
and a constant y > 0 the total weight of the balls landing in bin y, given by the random variable X = Y, cs wx[h(x) = y],

satisfies the concentration bound
Pr|X -y > 1] < 2exp(-Q(c2C(t/c?))) + n/m?, (27)

where y = E[X] and ¢ = Var [X] are the expectation and variance, respectively, of X, and the constant in the
Q-notation depends on y. As mentioned in the introduction, the added error probability n/mY renders the theorem
nearly useless for small m, the prime example being the tossing of an unbiased coin corresponding to m = 2. The
purpose of this section is to show that the bound of (27) is optimal in the sense that an added error probability of at
least m™Y for some constant y is inevitable so long as we insist on strong concentration according to Definition 1. In
other words, we must accept an added error probability of m™" to have Chernoff-style bounds on the sum X. In fact, it
will turn out that unless allowing an error term of the form m™, the deviation from the case of a fully random hash
function can be quite significant.

The example where simple tabulation does not concentrate well, which we shall use in the formal proof below, is
the following. For some k < |Z|, we consider the key set § = [k]¢~! x £ ¢ X¢ with weights wy = 1 for every x € S.
We shall think of k as slightly superconstant and mutually dependent on y. Recall that 4 is defined by c fully random
functions hy, ..., hc—1: ¥ — [m] and that h(x) = @;0 hi(x;). With probability m~(k=D(e=1) ', is constant on [k] for
each 0 < i < ¢ — 2. Under such a collapse it holds for every a € 3. that every key from the set [k]°~! x {a} hashes to the
same value in [m] under h. Hence, each entry of h._; decides where k°~! keys hash to. Thus, during such a collapse, we
may view the hashing of S into [m] as throwing |3| balls each of weight k°~! into m bins. This increases the variance
by a factor of k°~! affecting the Chernoff bounds accordingly.

Without further ado, let us present the formal statement of the above. Essentially, it states that there is a delay of
the exponential decrease which depends on y. If y is superconstant, so is the delay, and hence, we do not have strong

concentration according to Definition 1.

THEOREM 8.1. Let m < |2|17¢ for some constant ¢ > 0 and h: [u] — [m] be a simple tabulation hash function. Let
0 < ¢’ < ¢ be a constant and suppose that C: R* — R* is a function such that forall 0 < y < I21€7/¢, all sets S C [u], all
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choices of weights wyx € [0,1],x € S, and everyy € [m], the random variable X = Y, cs wx[h(x) = y] satisfies

—O'2C(t/0'2)) Y

o) (28)

Pr{|X —pul >2t] < 2exp(

forallt > 0. Then C(y) = Q(y°72).

ProoF. Assume the existence of the function C. As suggested above, consider the set of keys S = [k]¢~! x = for
some k to be determined. Denote by & the event that the first ¢ — 1 position characters of S collapse, i.e., that each
hi,0 < i < ¢—2is constant on [k]. We easily calculate Pr[E] = m~(k=1(c=1) Now, conditioning on &, we may consider
the situation as follows. Let y’ be the random variable satisfying @f:_g hi(x;) =y’ for all xo, ..., xc—2 € [k]. The last

positional hash function hc—; is a fully random hash function ¥ — m such that the conditioned variable (X|&) satisfies

e = Y K hea@=yey1E Y kK her(@) = 0] = X,

aeme_1(S) aey

where 2 denotes equality of distribution. We write ¢’2 = Var [X'] = k2(¢~1 |5 mTQI and note that E [X’] = . Now,
since k-1 is a uniformly random hash function, tightness of the Bennet inequality, Eq. (3), implies that for t = O(c"?),
2
Pr [|X' —,u| > t] =Q (exp (—U'ZC(t/a'z))) =Q (exp (—30—,2)) (29)
where we have applied Lemma 3.3.
Towards our main conclusion, observe that ¢ = k1|3 '"m—}l = ¢’2/k°L. Letting t = o’+flogm, t < o’? since

o’ > 4/log m by the assumption on the size of m, so we may apply (29) to get
Pr{|X = p| 2 t] 2 Pr[&] - Pr [|X" - p| 2 t] 2 Q (m™K).

On the other hand, (28) demands that whenever k < y,

o2C (, [log(myke-1 /0') e

+m7V <2m €W +m7Y,
C(y)

Pr(|X —p| > 1] < 2exp|-—

where the last inequality used Lemma 3.3 and 4/log(m)k¢~! < o. Let k = % and combine the above inequalities to

_{y/@epe!
conclude that 2m™ €0 + m™ = Q(m™¥/?). It follows that indeed, C(y) = Q(y°~2).

Twisted Tabulation and “permutation-tabulation”. Variations upon the example above can also be used to show that
the analysis of twisted tabulation hashing is tight in the sense that the added error probability cannot be improved
while maintaining strong concentration. In twisted tabulation we twist the last position character of the input before
applying simple tabulation. The twist is a Feistel permutation that for the key set § = (k1% x ¢t will only permute
the keys within the set. Since the set of twisted keys is the same as the original set S, this has no effect on the filling of
bins. For almost the same reason, a reversal of the order of operations in our new tabulation-permutation hashing, i.e.,
if is first permuted each position character and the applied simple tabulation, would not improve the analysis, since the

set S while not invariant under the operation, would retain the same structure.
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A EXPERIMENTS

This appendix is dedicated to provide further details regarding the timing experiments presented in the introduction
in Section 1.7.4. Furthermore, we present experiments which demonstrate concrete bad input sets for several hash
functions that do not guarantee strong concentration bounds.

As explained in Section 1.7.4, we ran experiments on various basic hash functions. More precisely, we compared
our new hashing schemes tabulation-permutation and tabulation-1permutation with the following hashing schemes:
k-independent PolyHash [9], Multiply-Shift [18], simple tabulation [49], twisted tabulation [41], mixed tabulation [16],
and double tabulation [45]. We were interested in both the speed of the hash functions involved, and the quality of the
output. For our timing experiments we studied the hashing of 32-bit keys to 32-bit hash values, and 64-bit keys to 64-bit
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Running time (ms)
Computer 1 Computer 2
Hash function 32 bits | 64 bits | 32 bits | 64 bits
Multiply-Shift 42 75| 230 36.5
2-Independent PolyHash 14.8 20.0 72.2 107.3
Simple tabulation 13.7 17.8 53.1 55.9
Twisted tabulation 17.2 26.1 65.6 92.5
Mixed tabulation 28.6 68.1 120.1 236.6
Tabulation-1permutation 16.0 19.3 63.8 67.7
Tabulation-permutation 27.3 432 | 1181 123.6
Double tabulation 1130.1 - | 3704.1 -
“Random” (100-Independent PolyHash) | 2436.9 | 3356.8 | 7416.8 | 11352.6

Table 3. The time for different hash functions to hash 107 keys of length 32 bits and 64 bits, respectively, to ranges of size 32 bits and 64
bits. The experiment was carried out on two computers. The hash functions written in italics are those without general Chernoff-style
bounds. Hash functions written in bold are the contributions of this paper. The hash functions in regular font are known to provide
Chernoff-style bounds. Note that we were unable to implement double tabulation from 64 bits to 64 bits since the hash tables were
too large to fit in memory.

hash values. Aside from having strong theoretical guarantees, our experiments show that tabulation-permutation and
tabulation-1permutation are very fast in practice.

All experiments are implemented in C++11 using a random seed from https://www.random.org. The seed for the
tabulation based hashing methods uses a random 100-independent PolyHash function. PolyHash is implemented using
the Mersenne primes p = 201 — 1 for 32 bits and p = 23? — 1 for 64 bits. Furthermore, it has been implemented using
Horner’s rule, and GCC’s 128-bit integers to ensure an efficient implementation. Double tabulation is implemented as
described in [45] with = = [21°],¢ = 2,d = 20.

Timing. We timed the speed of the hash functions on two different computers. The first computer (Computer 1
in Table 3) has a 2.4 GHz Quad-Core Intel Core i5 processor and 8 GB RAM, and it is running macOS Catalina. The
second computer (Computer 2 in Table 3) has 1.5 GHz Intel Core i3 processor and 4 GB RAM, and it is running Windows
10. We restate the results of our experiments in Table 3 and refer the reader to Section 1.7.4 for a discussion of these

results and of the choice of parameters used in the various hashing schemes.

Quality. We will now present experiments with concrete bad instances for the schemes without general concentration
bounds, that is, Multiply-Shift, 2-independent PolyHash, simple tabulation, and twisted tabulation. In each case, we
compare with our new tabulation-permutation scheme as well as 100-independent PolyHash, which is our approximation
to an ideal fully random hash function. We note that all schemes considered are 2-independent, so they all have exactly
the same variance as fully-random hashing. From 2-independence, it also follows that the schemes work perfectly on
sufficiently random input [35]. Our concern is therefore concrete inputs making them fail in the tail.

First, we consider simple bad instances for Multiply-Shift and 2-independent PolyHash. These are analyzed in
detail in [39, Appendix B]. The specific instance we consider is that of hashing the arithmetic progression A =
{a-i|ie[50000]} into 16 bins, where we are interested in the number of keys from A that hashes to a specific bin.
We performed this experiment 5000 times, with independently chosen hash functions. The cumulative distribution
functions on the number of keys from A hashing to a specific bin is presented in Figure 2. We see that most of the time

2-independent PolyHash and Multiply-Shift distribute the keys perfectly with exactly 1/16 of the keys in our bin. Since
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Fig. 2. Hashing the arithmetic progression {a - i | i € [50000]} to 16 bins for a random integer a. The dotted line is a 100-independent
PolyHash.

the variance is the same as with fully random hashing, this should suggest a much heavier tail, which is indeed what
our experiments show. For contrast, we see that the cumulative distribution function with our tabulation-permutation
hash function is almost indistinguishable from that of 100-independent Poly-Hash. We note that our experiments with
tabulation-permutation is only a sanity check: No experiment can prove good performance on all possible inputs.
Our second set of experiments shows bad instances for simple tabulation and twisted tabulation. We already know

theoretically from Section 8 that these bad instances exist, but we shall now see that, in a sense, things can be even
worse than described in Section 8 for certain sets of keys. The specific instance we consider is hashing the discrete cube
Q = [2]7 x [2°] to m = 2 bins using simple tabulation, twisted tabulation, and tabulation-permutation. We performed
this experiment 5000 times, with independently chosen hash functions, and again we were interested in the number of
keys from Q hashing to one of the bins. The cumulative distribution functions of the number of such keys is presented
in Figure 3. Let us explain the appearance of the curves for simple and twisted tabulation. In general, if we hash the set
of keys [2] X R to [2] with simple tabulation, then if hq(0) # h1(1), each bin will get exactly the same amount of keys.
When we hash the set of keys [2]7 x [2°] this happens with probability 1 — 277. If on the other hand h;(0) = h;(1) for
eachi = 1,...,7, which happens with probability 277, the distribution of the balls in the bins is the same as that when
20 balls, each of weight 27, are distributed independently and uniformly at random into the two bins. If this happens, the
variance of the number of balls in a bin is a factor of 27 higher, so we expect a much heavier tail than in the completely
independent case. These observations agree with the results in Figure 3. Most of the time, the distribution is perfect,
but the tail is very heavy. We believe that this instance is also one of the worst instances for tabulation-permutation
hashing. We would therefore expect to see that on this instance it performs slightly worse than 100-independent
PolyHash, which is indeed what our experiments show. We note that that no amount of experimentation can prove that
tabulation-permutation always works well for all inputs. We do, however, have mathematical concentration guarantees,
and the experiments performed here give us some idea of the impact of the constant delay hidden in the exponential
decrease in the bounds of Theorem 1.2. For completeness, we note that the situation with mixed tabulation is unresolved.
Neither do we have strong concentration bounds, nor any bad instances showing that such bounds do not hold. Running
experiments is not expected to resolve this issue since mixed tabulation, as any other 2-independent hashing scheme,

performs well on almost all inputs [35].



Fast Hashing with Strong Concentration Bounds

Simple Tabulation

Twisted Tabulation

55

Tabulation-Permutation

1.0 —— | 104 1.0
0.8 F 0.8 0.8
0.6 0.6 0.6
0.4 0.4 0.4
0.2 0.2 i 0.2 j
0.0 0.0 0.0 /

035 040 045 050 055 0.60

035 040 045 050 055 0.60

035 040 045 050 055 0.60

Fig. 3. Hashing the discrete cube [2]” x [2°] to 2 bins. The dotted line is a 100-independent PolyHash.
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ABSTRACT

Working with huge amounts of data, for instance in the setting of
streaming algorithms, it is common to replace precise statistics with
stochastic estimators. Such estimators typically rely on hashing-
based algorithms. In that vein, Aamand et al. (STOC’20) recently
proposed a fast and practical hashing scheme with strong concen-
tration bounds, Tabulation-1Permutation, the first of its kind. In
this paper, we demonstrate the benefits of applying such a hash
function to obtain reliable estimators.

In previous work, a common strategy to get estimators that work
within a certain error bound with high probability is to design one
that works with constant probability, and then boost the probability
using r independent repetitions. Important examples of applications
are small space algorithms for estimating the number of distinct
elements in a stream, or estimating the similarity between large sets.
We consider these problems and prove that using a hash function
with strong concentration bounds, akin to those of Tabulation-
1Permutation, we may achieve the same high probability bounds
without any need for repetitions. Using the same amount of space,
we thus save a factor r in time, and simplify the overall algorithm.

We validate our approach experimentally on both real and syn-
thetic data, focusing on the application of counting distinct ele-
ments. We compare Tabulation-1Permutation with other hash func-
tions such as strongly universal hash functions and various other
hash functions such as MurmurHash3 and BLAKE3, both with and
without resorting to repetitions. We see that if we want reliability
in terms of small error probabilities, then Tabulation-1Permutation
is significantly faster.

1 INTRODUCTION

Recent years have brought with them a huge demand for algorithms
that can process and compute statistics on large streams of data.
Common statistics of interest include the number of distinct ele-
ments of a stream and the set similarity between two large sets.
The sheer volume of the data makes storing a complete copy of
the stream and performing exact computations an impossible task,
and so, if the data is not processed in time, the information is lost.
To solve this problem, we therefore have to resort to estimation
algorithms. For instance, instead of precisely counting the number
of unique visitors to a website, we may settle for a good estimate. In
simple terms, the goal of these estimation algorithms are as follows:
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For a data stream S and some statistic # = ¥ (S), we want an
estimator # such that € (1 + ¢)F with some high probability at
least 1 — 4.

To get such an estimator, a common strategy is to design one
that works with constant probability, and then boost the probability
using independent repetitions. A classic example of this approach
is the algorithm of Bar-Yossef et al. [3] to estimate the number of
distinct elements in a stream. Using strongly universal hashing to
process each element, we obtain an estimator such that the proba-
bility of getting too large an error is at most a constant, e.g., 1/4. By
performing r independent repetitions and taking the median of the
estimators, the error probability falls exponentially in r. However,
running r independent experiments increases the processing time
by a factor r.

Here we make the point that if we have a hash function with
strong concentration bounds (to be defined in Section 2.2), then we
get the same high probability bounds without any need for repeti-
tions. Instead of r independent sketches, we have a single sketch
that is ©(r) times bigger, so the total space is essentially the same.
However, we only apply a single hash function, processing each
element in constant time regardless of r, and the overall algorithms
just get simpler. The idea is generic and can be applied to other
algorithms. We will also apply it to Broder’s original min-hash
algorithm [6] to estimate set similarity.

Fast practical hash functions with strong concentration bounds
were recently proposed by Aamand et al. [1]. Using their hashing
scheme, Tabulation-1Permutation hashing, we obtain a very fast
implementation of the above streaming algorithms, suitable for
online processing of high volume data streams.

To illustrate a streaming scenario where the constant in the
processing time is critical, consider the Internet. Suppose we want
to process packets passing through a high-end Internet router. Each
application only gets very limited time to look at the packet before
it is forwarded. If it is not done in time, the information is lost.
Since processors and routers use some of the same technology,
we never expect to have more than a few instructions available.
Slowing down the Internet is typically not an option. The papers
of Krishnamurthy et al. [13] and Thorup and Zhang [17] explain in
more detail how high speed hashing is necessary for their Internet
traffic analysis. Incidentally, the hash function we use from [1] is a
bit faster than the ones from [13, 17], which do not provide strong
concentration bounds.



1.1 Experiments

To demonstrate that our approach performs well in practice, we per-
form experiments showing the strength of Tabulation-1Permutation
for counting distinct elements in a stream. We compare with the
fastest known strongly universal hash functions and with other
commonly used hash functions such as MurmurHash3 [2] and
BLAKE3 [12]. Without the use of independent repetitions, we
demonstrate that Tabulation-1Permutation provides more reliable
estimates than the fast strongly universal hash functions. Moreover,
the implementation with Tabulation-1Permutation is faster than
when using MurmurHash3 and BLAKE3. In fact, BLAKE3 was ap-
proximately 150 times slower than Tabulation-1Permutation, so we
disregard it in our experiments. On the other hand, the implemen-
tation with Tabulation-1Permutation is both faster and provides
better estimates than when implementing the algorithm with the
strongly universal hash functions and independent repetitions.

We include two figures from Section 5 (which will be explained
in more detail in that section). Figure 1a shows the relative error
incurred by different hash functions over 5 x 10* experiments on a
synthetic data set. We see that when implementing the algorithms
with classic strongly universal hash functions like Multiply-Shift
and Multiply-Mod-Prime, some of the estimates are significantly
off. Figure 1b shows the running time per experiment for each of the
hash functions tested. We see that Multiply-Shift is the only hashing
scheme that outperforms Tabulation-1Permutation in regards to
speed. However, in order to eliminate the outliers of Multiply-Shift
seen in Figure 1a, we need to run independent repetitions, making
Tabulation-1Permutation much faster. See Section 5 for details.

In this paper, we have chosen bottom-k sampling and threshold
sampling for our algorithms, see Section 3 for details. There are sev-
eral other estimators and algorithms for counting distinct elements.
For more details, a thorough survey by Harmouch and Naumann
[11] provides experimental data on the choice of algorithm for
counting distinct elements.

Remark. It is important to note that no amount of experiments
can prove that a hashing scheme performs well on all possible data,
and finding the problematic data sets for a given hash family is
often a non-trivial task!. The results from [1] show that Tabulation-
1Permutation performs well on any possible data set with high
probability. In other words, if implementing the above streaming al-
gorithms with Tabulation-1Permutation, we no longer have to cross
our fingers that the data sets encountered does not have hidden
structure which interacts badly with the hashing scheme. Further-
more, Tabulation-1Permutation is very fast, so this new guarantee
comes with no compromise on the speed of the algorithms.

Remark. An interesting statistical artifact appearing in our ex-
pimerents is the following. Looking at the accuracy of the estimators
when implemented with Multiply-Shift and Multiply-Mod-Prime,
it appears that for certain structured data sets, they provide even
better estimates than one would obtain with fully random hashing.
This could lead to the false impression that their performance is
always better than implementing the estimators with something

1For Multiply-Shift and Multiply-Mod-Prime, we have concrete examples of data sets
on for which they fail, as is evident from Figure 1a. Moreover, in [5] the authors provide
concrete bad data sets for MurmurHash3.

like Tabulation-1Permutation. Since the variance of the estimators
are the same for all the seeded hash functions, it follows that if
a hashing scheme yields estimators that are too good’, it must
inevitably fail occasionally and provide estimates that are far off.
We will see examples of this in Section 5 and discuss it further
in Section 5.5.

2 HASHING AND CONCENTRATION

In the present paper, the crucial component of our algorithms is a
random hash function h: U — [0, 1) mapping some key universe
U, e.g. 64-bit keys, uniformly into R = [0, 1). The application is the
following. Let S C U be a set of keys and p € [0, 1) a threshold
value. We wish to compute the number X of keys of S that hash
below p, i.e.
X =|{s €S| h(s) <p}.

Here p could be an unknown function of S, but p should be inde-
pendent of the random hash function k. Since the mean p of x is
E [X] = |S| p, we may estimate the size of S by X/p with precision
increasing in the concentration of X around its mean. In particular,
we are interested in the probability & that X deviates from p by
more than a factor ¢ > 0, i.e., the probability § = Pr [|X — y| > ep].

If the hash function h is fully random, we get the classic Chernoff
concentration bounds on X (see, e.g, [14]):

Pr(X > (1+¢)p] < exp(—2p/3) for0 < e <1, (1)
Pr(X < (1-¢)p] < exp(—e2p/2) for 0 < e < 1. (2)

Unfortunately, we cannot implement fully random hash functions
as it requires space as big as the universe.

2.1 Strongly Universal Hashing

To get something implementable in practice, Wegman and Carter
[18] proposed strongly universal hashing.

Definition 2.1 (Strongly Universal Hashing). A hash function
h: U — R is strongly universal if for every pair of distinct keys
x,y € U, the distribution of (h(x), h(y)) is uniform on R?.

Many common hash functions are strongly universal. Worth
mentioning is the Multiply-Shift hash function [8]. The textbook ex-
ample of a strongly universal hash function hashing into [0, 1) is the
Multiply-Mod-Prime hash function [7]. The Multiply-Mod-Prime
hash function picks a large prime ¢ and two uniformly random
numbers a,b € Zy. Then h, 3 (x) = ((ax +b) mod p)/¢ is strongly
universal from U C Z, to R = {i/pli € Zyp} C [0,1). Obviously
this hash function is not uniform on [0, 1) as we considered above,
but for any p € [0, 1), we have Pr [h(x) < p] = p with equality if
p € R. Below we ignore this deviation from uniformity on [0, 1).

Assuming we have a strongly universal hash function h: U —
[0, 1), we again let X be the number of elements from S that hash
below p. Then y = E[X] = |S|p and because the hash values
are 2-independent, we have Var [X] < E[X] = p. Therefore, by
Chebyshev’s inequality,

Pr(|X -yl 2 ep] < 1/(e°p). (3)

As £2j1 gets large, we see that the error probability of strongly
universal hashing is much higher than the Chernoff bounds with
fully random hashing. However, as described in Section 3.4, it is
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Figure 1: Relative error and timing when estimating the number of distinct elements using various hash functions on synthetic

data. These experiments, did not use independent repetitions.

still possible to guarantee high concentration by aiming for a con-
stant error probability like § = 1/4 and then using the median
over independent repetitions of the estimation to reduce the error
probability.

2.2 Strongly Concentrated Hashing

In this paper we discuss the benefits of hash functions with strong
concentration akin to that of fully random hashing.

Definition 2.2. A hash function h : U — [0, 1) is strongly con-
centrated with added error probability & if for any key set S C U,
threshold p € [0, 1), and 0 < ¢ < 1, the number X of elements from
S hashing below p satisfies

Pr(|X —pl>eu] = Zexp(—Q(ezp)) + &,
where u = p|S|. If & = 0, we say that h is strongly concentrated.

It is worth noting that a fully random hash function is strongly
concentrated. Another way of viewing the added error probability
& is as follows. We have strong concentration as long as we do not
aim for error probabilities below &, so if & is sufficiently low, we
can simply ignore it. In other words, except for an error term of
&, the hash function performs asymptotically as well as a random
hash function.

What makes this definition interesting in practice is that Aamand
et al. [1] recently presented a practical hash function with small
constant running time that for a universe U = [u] = {0,...,u — 1}
is strongly concentrated with added error probability u™" for any
constant y. For our applications, this term is so small that we can
ignore it as the universe sets we consider are huge.

2.3 Tabulation-1Permutation

The hash function introduced by Aamand et al. [1] we consider in
this paper is Tabulation-1Permutation. For the applications of this
paper it enjoys the benefits of being strongly concentrated with
a negligible added error probability, comparable in speed to the
fastest hash functions on the market, and simple to implement.
We note that [1] also presents a slightly slower scheme,
Tabulation-Permutation, which offers far more general concen-
tration bounds than those for Tabulation-1Permutation in Theorem

1

2

4

uint64_t T[41[65536];
uint64_t P[65536];

uint64_t TablPerm(uint64_t x) {

uint64_t y; int i;

y = 0;

for (i = 0; i < 4; ++i) {
y *= R[iJ[(uint16_t) xI;
X = X >> 16;

}

return y * P[(uint16_t) y1;

Figure 2: The C-code for the evaluation of Tabulation-
1Permutation with 4 characters for 64-bit keys.

2.3. However, Tabulation-1Permutation is faster and sufficient for
the strong concentration needed for our streaming applications.

2.3.1 Implementation. Tabulation-1Permutation obtains its power
and speed using certain character tables in fast cache. The scheme
views a keys from a universe U = [u] = {0,...,u — 1} as con-
sisting of a small, constant number c of characters from some al-
phabet 3, that is, U = Z€. For 64-bit keys, this could be ¢ = 4
characters of 16 bits each. For our applications, we only consider
the case where the hash values belong to the same universe U.
Tabulation-1Permutation needs ¢ + 1 character tables mapping
characters to hash values. To compute the hash value of a key, we
make one lookup for each of the ¢ + 1 tables and perform O(c)
fast AC? operation to extract the characters and XOR the hash
values. The character tables can be populated with an O(log u)-
independent pseudo-random number generator, needing a random
seed of O(log? u) bits. As such, Tabulation-1Permutation is simple
to implement and evaluate (see Figure 2). It takes up a dozen lines of
code and is extremely fast. For further details on the inner workings
of Tabulation-1Permutation see [1]. For details regarding running
time of Tabulation-1Permutation in practice see Section 5 as well
as [1, Section 1.7].



2.3.2 Strong Concentration. The exact concentration results re-
garding Tabulation-1Permutation [1, Theorem 1.3] are far too gen-
eral for our purposes. We instead state a version simplified for the
purposes of this exposition. Here we identify a hash value from [u]
as a fraction in [0, 1).

THEOREM 2.3. Let h: [u] — [0, 1) be a Tabulation-1Permutation
hash function with [u] = 2€, ¢ = O(1), and let y > 0 be fixed. For
any key set S C [u], threshold p € [0,1), and 0 < ¢ < 1, the number
X of elements from S hashing below p satisfies

Pr[|X — p| = ep] = 2exp(-Q(ue?)) + 1/uY .

Thus, for our applications, we are theoretically guaranteed that
Tabulation-1Permutation will perform asymptotically as well as a
random hash function except for an error term of 1/u¥. However,
it is a crucial difficulty in said applications that the universe size is
huge, so the error term is indeed negligible.

2.3.3 Computer Dependent Versus Problem Dependent Resources.
We view the resources used for Tabulation-1Permutation as com-
puter dependent rather than problem dependent. More precisely,
you should pick the number of characters, ¢, and the size of the
character alphabet, ||, depending on the computer’s architecture.
For hashing 64-bit keys one often picks either ¢ = 4 or ¢ = 8 which
yields a space usage of 9x28x 8 bytes (less than 20 KB) and 5x210x8
bytes (less than 3 MB), respectively. An important property is that
once the tables are populated they will never be overwritten. This
means that the cache does not get dirty, that is, different computer
cores can access the tables and not worry about consistency.

3 COUNTING DISTINCT ELEMENTS WITH
STRONGLY CONCENTRATED HASHING

Consider a sequence (or stream) of keys x1, ..., xs € U from some
universe U, where each element may appear multiple times. The
problem of counting distinct elements in such a stream is the follow-
ing. Using only little space, we wish to estimate the number n of dis-
tinct keys in the stream. We are given parameters 0 < ¢, < 1, and
the goal is to create an estimator, 7 such that (1-e)n < i < (1+¢€)n
with probability at least 1 — §. It is assumed that the space required
to store all n distinct elements of the stream is much too large.
In practice we often want ¢ to be a small constant, e.g. ¢ = 1%,
while § should be so small that we are all but guaranteed that
(1-en<i<(1+enegd=2"0

In all previous work, hash functions have been a vital tool to
create such estimators. Typically, strongly universal hash functions
or hash functions with no theoretical guarantees have been used.
In this section, we demonstrate that with strongly concentrated
hash functions, we achieve both strong theoretical guarantees and
simpler, faster algorithms for the counting distinct elements prob-
lem.

3.1 Bottom-k Sampling

In our estimation, we follow the classic approach of Bar-Yossef
et al. [3], which was later revised by Beyer et al. [4] to introduce
their unbiased version of the estimator. We proceed as follows. Let
h: U — [0, 1) be a random hash function, and assume for simplicity
that & is collision-free over U. For some k > 1, assumed to be

significantly smaller than n, we process each element x; in order,
maintaining the k smallest distinct hash values h(x;) of the stream.
Let x() be the key with the kth smallest hash value under h, and
let higy =h (x(k)). As in [3], our estimator for n is then A = k/hy).
It is worth noting that [3] suggests several other estimators, but
the points we will make below apply to all of them. We call this the
bottom-k estimator for counting distinct elements.

The point of using a hash function h is that all occurrences of
a given key x in the stream get the same hash value. Thus, if S is
the set of distinct keys, h(x, is the kth smallest hash value from S.
In particular, /i depends only on S, not on the frequencies of the
elements of the stream.

We would like 7 = k/h(y) to be concentrated around n. For any
probability p € [0, 1], let X <P denote the number of elements from
S that hash below p. Let p— = k/((1 + ¢)n) and py = k/((1 — ¢)n).
Note that both p_ and p,; are independent of the random hash
function h. Now,

i =kihgy < (1-e)n & X <k=(1-0E[XP], ()
i=kihgy > (1+e)n & X~ 2k=(1+E[XP]|. (5)

These observations form a good starting point for applying prob-
abilistic tail bounds using different types of hash functions as we
describe in the following.

3.2 Strongly Universal Hashing and
Independent Repetitions

Suppose we instantiate the bottom-k estimator with a strongly
universal hash function h: U — [0, 1), perhaps the most common
strategy for getting theoretical guarantees on the performance. In
that case, the hash values of any two distinct keys are independent,
so as noted in Section 2.1, Var [X<P] < E [X<P] = np for every
0 < p < 1. Thus, applying Chebyshev’s inequality (as we did in (3))
and (4),

Prli < (1-e)n] = Pr[X~Pr < (1-2)E [X <]
< 1/(npe?) = (1 - ¢)/ (ke?).
Similarly, using (5) we get
PriA> (1+&)n] < (1+¢)/(ke?).
Assuming ¢ < 1, it follows that
Pr[|n - Al > en] < 2/(ké?).

To get the desired error probability §, we could now set k =
2/(582). However, if § is small, e.g., § = 1/u, k becomes much too
large. To solve this issue, the standard approach is, as in [3], to apply
classic median trick. Instead of aiming for a small error probability
right away, we start by aiming for a constant error probability J.
Here we use §p = 1/4 for simplicity. Then it suffices to maintain the
ko = 2/(80€?) = 8/¢% smallest hash values. With these parameters,
ko and 8y, we now sample r independent estimators for n, iy, . . ., iy,
for some r to be determined later, by repeating the algorithm r
times with fresh randomness. For our final estimator 7 we return
the median of 7y, ..., fi,.

Now, for each 1 < i < r, Pr[|fi; — n| > en] < 1/4 and these

events are independent. If |i — n| > ¢n, then |A; — n| > en for at



least half of the 1 < i < r. By the standard Chernoff bound (1), this
probability can be bounded by

Pr[lii—n| > en] < exp(—(r/4)/3) = exp(-r/12).
Setting r = 121n(1/5), we get the desired error probability 1/6. The

total number of hash values stored is then

kor = 961In(1/8)/e? = ©(In(1/8)/€%).

3.3 Utopia: Fully Random Hashing

Suppose that we could implement a fully random hash function
h: U — [0, 1). In that case, instantiating the bottom-k estimator
with h would yield excellent guarantees. Combining (4) and (5)
with the standard Chernoff bounds (2) and (1), respectively, with
0 < ¢ < 1yield the bounds

Pr[A < (1-¢)n] <exp (_zk_ez) ,

(1-¢)
2
Pr(a> (1+¢)n] <exp (—3;18)) .
Hence,
Pr(|A - n| > en] < 2exp(—ke?/6). (6)

Thus, to get error probability §, we just use k = 61n(2/58)/e2. There
are several reasons why this is much better than the above approach
using 2-independence and independent repetitions. It avoids the in-
dependent repetitions, so instead of applying r = ©(log(1/)) hash
functions to each key we just need one, and with independent repe-
titions, we are tuning the algorithm depending on ¢ and §, whereas
with a fully-random hash function, we get the concentration from
(6) for every 0 < ¢ < 1.

The only caveat is that fully-random hash functions cannot be
implemented in practice. In some applications, cryptographic hash
functions, or popular hash functions such as MurmurHash3 [2]
have been applied. On datasets which have high entropy, such
hash functions will perform well and appear “random”, however,
there is no guarantee that this will hold for every choice of dataset.
Importantly, it is impossible to predict how such a hash function
will do on a particular structured dataset.

3.4 Strongly Concentrated Hashing

Abandoning the infeasible fully random hashing for strongly con-
centrated hashing, let h: U — [0, 1) be a strongly concentrated
hash function with error term &. Instantiating the bottom-k esti-
mator with h, we may applying the same calculations as above. It
then follows that for 0 < ¢ < 1,

2
Pr[fi< (1-¢)n] =exp (—Q(lkj s)) + &,

R e

SO
Pr[lii - n| > en] = 2exp (-Q (ke?)) + O(&). @)

To obtain the error probability § = w(E), we again need to
store k = O(log(1/8)/¢%) hash values. Within a constant factor this
means that we use the same total number using 2-independence

and independent repetitions, and we still retain the following ad-
vantages from the fully random case.
e By avoiding repetitions, we save a factor ©(log(1/5)) in
running time.
e We avoid tuning the algorithm for a given ¢ and ¢. Instead
we get the concentration from (7) for every 0 < e < 1.

3.4.1 Instantiating with Tabulation-1Permutation. Let us relate the
above discussion to the Tabulation-1Permutation hash function by
Aamand et al. [1]. It follows by Theorem 2.3 that implementing
the bottom-k estimator with Tabulation-1Permutation would imply
that for any y > 0,

Pr(|ii—n| > en] = 2exp (—Q (kez)) +0(1/uY).

Since the universe size u is usually huge, the error term O(1/uY) is
negligible. Hence, from a practical perspective, the concentration
is as good as fully random up to constant factors in the exponent
of the exponential tail.

3.5 Implementing Bottom-k and an Alternative

Implementing the bottom-k estimator in practice requires main-
taining the k smallest hash values. The most obvious and widely
used approach is to use a priority queue. For instance, this is used in
tghe survey of Harmouch and Naumann [11]. If the input arrives in
random order then we need to update the priority queue O(k log n)
times which gives a total running time of O(n + k log k log ), and
with the reasonable assumption that k = O(n/ log(n)?) we get a
running time of O(n).

Unfortunately, it is not reasonable to assume that the data arrives
in random order and thus, for hash functions that are not strongly
concentrated we might need to update the priority queue much
more! But for strongly concentrated hash functions we can show
that the priority queue only needs to be updated O(k log n) times
no matter the input. This difference can cost as much as a factor of
O(logk).

3.5.1 Threshold Estimator. Alternatively, we could use a related,
but different sketch of Var-Yossef et al. [3], which is more effi-
cient. The algorithm identifies the smallest b such that the number
X<U2" of keys hashing below 1/2? is at most k. For the online
processing of the stream, this means that we increment b when-
ever X<1/2" 5 k. At the end, we return 2bx<1/2" The analysis of
this estimator is similar to the analysis of the bottom-k estimator.
Using strongly concentrated hashing, we get the same advantage
of avoiding independent repetitions: In [3] they achieve error prob-
ability § by running ©(log(1/5)) independent experiments, each
storing up to k = ©(1/£2) hash values, whereas we achieve the
same error probability by running only a single experiment with
a strongly concentrated hash function storing k = O(log(1/8)/¢?)
hash values. The total number of hash values stored is the same,
but asymptotically, we save a factor @(log(1/9)) in time.

4 SET SIMILARITY WITH STRONGLY
CONCENTRATED HASHING

Another setting where the k smallest hash values of a key set is

often used is for the problem of set similarity. Consider two subsets

A,B c U of a universe U = [u] = {0,1,...,u — 1}. A common



metric for similarity between two such sets is the Jaccard similarity,
J(A,B) = |AN B| /|AU B|. In this section, we estimate the Jaccard
similarity using strongly concentrated hashing, applying similar
techniques to the previous section.

We consider Broder’s [6] original algorithm for set similarity
which we sketch for completeness. As in the previous section, let
h: [u] — [0,1) be a hash function assumed to be collision free. We
define the bottom-k sample MIN (S) of a set S C [u] to be the k
elements of § with the smallest hash values under h. We assume here
that k < n = |S|. If h is fully random, then MIN (S) is a uniformly
random subset of S of size k, and if T C S, we may estimate the
frequency f = |T|/|S| as [MIN(T) N MIN,(S)| /k. In [6], Broder
uses this observation to estimate the Jaccard similarity between
two sets A, B C [u] as follows. Given the bottom-k samples from
A and B, the bottom-k sample of their union may be constructed
as MIN (AU B) = MIN (MIN (A) U MIN (B)). Then the Jaccard
similarity is estimated as J(A, B) = | MINy(A U B) N MINj (4) N
MIN, (B)|/k.

For the hash function, h, Broder [6] first considers fully ran-
dom hashing and this particular case is very well understood. In
this case MIN(S) is a fully random sample of k distinct elements
from S. However, fully random hashing is not implementable in
practice. Broder also sketches some alternatives with realistic hash
functions. Continuing this line of work, Thorup [16] showed that
using strongly universal hashing, we get the same expected error
as with fully random hashing. Writing f = J(A, B) and f = J(A, B),
his precise result is that E [lf - fl] = O(l/\/f_k). Similarly to the
problem of counting distinct elements, in order to obtain an estima-
tor satisfying a similar bound with some high probability at least
1 -8, we have to perform O(log(1/9)) independent repetitions and
use the median of the estimators as the final estimate. Our next
result shows that when implementing the hashing using a scheme
with strong concentration bounds, like Tabulation-1Permutation,
we obtain the a similar error bound by running the algorithm just
a single time, but with a sketch which is O(log(1/8)) times larger.
Again, the total space usage is the same, but we effectively elimi-
nate the need for independent repetitions, thus saving a factor of
O(log(1/4)) in time.

Our analysis follows the simple union-bound approach from
[16]. It is simpler to study the case where we are sampling from
a set S and want to estimate the frequency f = |T|/|S| of a subset
T C S. Let h) be the kth smallest hash value from S as in the
above algorithm for estimating distinct elements. For any p let Y=<
be the number of elements from T with hash value at most p. Then
IT N MIN (S)| = Y="® which is our estimator for fk.

THEOREM 4.1. Fore < 1, if h is strongly concentrated with added
error probability E, then

Pr(|YShw - fk| > efk| = 2exp(-Q(fke®)) + O(E).  (8)

PRrROOF. Let n = |S|. We already saw in (7) that for any ¢g < 1,
Ps = Pr [|1/h() - n/k| 2 esn/k]| < 2exp(-Q(ke2)) + O(&). Thus,
with p_ = k/((1 + es)n) and p+ = k/((1 — es)n), we have h) €

[p-., p+] with probability 1 - Pg, and in that case, YsP- < yshw <
YSPe,

Lety™ =E [YSP*] = fk/(1+¢s) = fk/2. By strong concentra-
tion, for any e7 < 1, we get that

Pr=Pr [YSP’ <(1- eT),u_] < Zexp(—Q(p_E%)) +&
= 2exp(-Q(fke)) + &.

Thus

1_
—ngk] < Py +Ps.

Pr|yshw <
1+es

Likewise, with y* = E [YSL‘”] = fk/(1 - ¢s), for any e, we get
that
P}r =Pr [YSP* > (1+ ST)/J+] < 2exp(—Q(p+£%)) +&
= 2exp(-Q(fkex)) + E.

and

1+er

Pr [yﬁ”w >
1-¢s

fk] < P; + Ps.
To prove the theorem for ¢ < 1, we set €5 = e = ¢/3. Then

6T < 1 4 ¢ and 14T > 1 — ¢ Therefore,
£s 1+e¢s

1—

Pr[|YShw - fk| > efk| < Py + P} + 2Ps
< 8exp(-Q(fke2)) + O(E)
= 2exp(—Q(fkek)) + O(&).

This completes the proof of (8). O

Similarly to the discussion in Section 3.4.1, if we implement the
hashing as Tabulation-1Permutation, it follows from Theorem 2.3
and Theorem 4.1 that

Pr[|Y=ho - fk| > efk]| = 2exp(-Q(fke?)) + O@W ™). (9)

for any y = O(1). Ignoring the negligible term O(u~Y), this is as
good as with fully random hashing up to the constant delay the the
exponential decrease.

As for the problem of counting distinct elements in a stream,
in the online setting we may again modify the algorithm above to
obtain a more efficient sketch. Assuming that the elements from S
arrive in a stream, we again identify the smallest b such that the

number of keys from S hashing below 1/2b, XSI/Zb, is at most k.
We increment b by one whenever X <1/ 2" 5 k and in the end we

return Y <1/2° /XSI/Zb as an estimator for f. The analysis of this
modified algorithm is similar to the analysis provided above.

Remark. The case of set similarity illustrates the crucial impor-
tance of using a common hash function h as a source of randomness.
In a distributed setting, different entities may generate the samples
MIN (A) and MINg (B). As long as they agree on h, they only need
to communicate the samples to estimate the Jaccard similarity of
A and B. As noted before, for Tabulation-1Permutation h can be
shared by exchanging a random seed of O((log u)?) bits.



Brief synopsis of our C++ experiments

Dataset Algorithm Measurement Desired Error Cardinality —Sketch-size Experiments Type Plots
10° 24,500 2% 103 Single Rep.  3a
Error 0.03 5% 10° 24,500 5% 10* Single Rep. 3b, 3¢
. 5% 10° 24,500 3% 10* Median-Trick 6a
Synthetic ~ Bottom-k
Time B 5% 107 3500 10 Single Rep.  4a
5x 107 3500 10 Median-Trick 4b
5% 10° 8% 10° 5x 104 Single Rep.  7a,7b
Error 0.01 2.5 x 10° 1.6x10°  5x10° Single Rep.  7c
. Threshold 2.5 % 10° 1.6 x 10° 3% 104 Median-Trick  6b
Synthetic li
sampling 9 5 B
Time B 10 8% 10 10 Single Rep. 8a
5% 10° 8% 10° 10 Median-Trick  8b
Error 0.03 1.8 x 10° 17,500 10* Both 9a, 10a
Threshold ‘ 6.5 % 10° 28,000 3% 104 Both 9b, 10b
Real-world li
sampling 5
Time B 1.8% 10 17,500 10 Both 9¢, 10c
6.5 % 10° 28,000 10 Both 9d, 10d

Table 1: Overview of our experiments. All experiments are designed to compare Tabulation-1Permutation with various other
hashing schemes when estimating distinct elements. The type of the experiment indicates whether the other hashing schemes
use a single sketch, or 5 independent repetitions and the median trick. Tabulation-1Permutation always uses a single sketch.
When using the median trick, the size of each sketch is reduced by a factor of 5, so the total space usage is always the same.

5 EXPERIMENTAL EVALUATION

In this section we experimentally evaluate hash functions with
strong concentration bounds in the context of cardinality esti-
mation. In particular, we use the recently announced Tabulation-
1Permutation [1]. Our experiments address the following questions:

e Is it possible, in practice, to avoid independent repetitions
by using hash functions with strong concentration bounds
and still get reliable results?

e What are the implications on the running time of car-
dinality estimation algorithms, when using Tabulation-
1Permutation?

In our experiments, we restrict the space usage of our algorithms
to some parameter k. When we run our algorithm for counting
distinct elements using the fast Multiply-Mod-Prime and Multiply-
Shift hash functions, we report both the results of performing a
single repetition per experiment with a sketch of size k, and the
results of performing r independent repetitions per experiment
each with a sketch of size k/r and outputting the median of the
r estimations. The reason we use space k/r for each repetition,
instead of “reusing” the space k, is that in a streaming setting the in-
dependent repetitions are being run simultaneously. We expect the
first type of experiment to have about r times better running time,
and the second type of experiment to produce more reliable results.
Throughout our experiments, we adopt the widely used practice
of performing r = 5 repetitions. On the other hand, when using
Tabulation-1Permutation we only perform 1 repetition per experi-
ment, effectively demonstrating that the estimation is still reliable
without the need to spend more time for independent repetitions.

A brief synopsis of our experiments is presented in Table 1.
In what follows, we first discuss our experimental setup and the
implementation details. Then, we present our results for synthetic

data and the bottom-k algorithm discussed in previous sections.
Then we present similar results for synthetic data and a standard
threshold-sampling cardinality estimation algorithm. Finally, we
present our results on real-world datasets.

5.1 Experimental Setup

Hardware. We performed our experiments on two computers.
The first has an Intel(R) Core(TM) i7-8665U CPU @ 1.90GHz, 16
GB RAM, and is running on 64bit Windows 10. The second has
an Intel(R) Core(TM) 15-8350U CPU @ 1.7 GHz, 8 GB RAM, and is
running on 64bit Ubuntu 18.04.4 LTS.

Datasets. We use both synthetic and real-world datasets. Notice
that theoretically we guarantee that, when using hash functions
with strong concentration bounds, the probability of getting a big
error is negligible (“big” is quantified in relation to the sketch size).
In order to test such a claim, one needs to run hundreds of thousands
of experiments and show that the result is always reliable. Therefore,
the quality of the results is tested against small datasets, so that
we can repeat the same experiment sufficiently many times. Big
datasets with cardinality in the order of 10° are also employed, but
only to test the running time.

Our synthetic datasets for testing accuracy are, therefore, sets
with cardinalities ranging between 2.5 x 10° and 5 X 10°, while
the synthetic datasets for testing running times have cardinalities
ranging between 5 x 10° and 10°. We use both structured synthetic
datasets, containing consecutive integers, and random synthetic
datasets containing random 64-bit integers.

Our real-world datasets are geometric datasets; we are using the
Openadresses dataset, which is a public database connecting the



geographical coordinates with their postal addresses?. To motivate
cardinality estimation in this case, we partition the space in squares
of fixed size, and compute the number of non-empty squares. We
also experiment directly on the initial dataset. The cardinality of
these datasets varies between 6.5 x 10° and 1.8 x 10°.

5.1.1  Algorithms. We use two different algorithms for cardinality
estimation. First, we have the bottom-k algorithm [4] discussed
in previous sections; in this case, we expect that the k-th smallest
hash value is approximately % The second algorithm, threshold-
sampling, can be seen as the dual approach; that is, we keep all
elements with hash values at most p = %, and expect their car-
dinality to be approximately k. Generally we do not know n in
advance, so determining p is not straightforward; the way to solve
this problem is discussed in Subsection 3.5. In our experiments we
know n in advance, so we directly use the proper value of p.

5.1.2  Hash-Functions. For each algorithm, we test it using some
of the most popular and fast hash functions employed in practice.
Their output is always 64-bit unsigned integers. In particular, we use
Tabulation-1Permutation [1], Multiply-Mod-Prime [7], Multiply-
Shift [9], and MurmurHash3 [2]. We use Multiply-Mod-Prime and
Multiply-Shift as they are very fast strongly universal hash func-
tions. MurmurHash3 is also used as it is known to perform well in
practice, even though it does not provide theoretical guarantees
(e.g. in [5] the authors show how to break MurmurHash3).

We did not experiment with random polynomials of degree 100,
or the cryptographic hash function BLAKE3 because they proved
to be more than 60 and 155 times slower than any other method,
respectively.

5.1.3  Randomness. The random seed needed for all hash functions
was drawn from https://www.random.org/. For tabulation based
methods, the seed was filled using a random polynomial of degree
100.

5.1.4 Implementation details. Most experiments are implemented
in C++ 11. Some are implemented in Java and used the Metanome
data profiling framework [15]. Metanome is a standard framework
decoupled from the algorithms, which provides basic functionali-
ties, such as input parsing and performance measurement?, having
already been used in the context of cardinality estimation [10].

5.1.5  Evaluation Metrics. As the measure of estimation accuracy,
we report the relative error. The relative error of an estimate 7 of
a quantity n is defined as 2. For measuring running time, we

report the average time per experiment.

5.2 The Bottom-k Algorithm on Synthetic Data

In this subsection, we present our results on applying the bottom-k
algorithm to synthetic data. These experiments are of three different
kinds. The first uses one repetition per experiment for all hash
functions, the second uses the previously mentioned Metanome
framework, and the third uses the median trick with the Multiply-
Shift and Multiply-Mod-Prime as described at the beginning of the
section.

Zhttps://openaddresses.io/
3www.metanome.de

5.2.1 One Repetition Per Experiment. We performed experiments
on implementations of the Bottom-k algorithm, where we used only
a single sketch for each hash function. The experiments are listed
as rows 1, 2, and 4 of Table 1. All experiments were implemented
in C++ and had k = 24,500, aiming at a relative error of at most 3%
in all of the experiments (a suitable choice of k for a given relative
error ¢ and a desired low error probability § is suggested in [4]).
The datasets used are structured datasets containing consecutive
integers.

Testing for accuracy, for the dataset with cardinality 10° (row 1
of Table 1) almost all experiments were within the acceptable 3%
error ( Figure 3a). Only Multiply-Shift — the fastest hash function
tested — had some experiments with relative error above 3%. It
is to be expected that not too many outliers were observed since
2 x 10° experiments per hash function is not sufficient to consis-
tently observe big errors. On the other hand, for the dataset with
cardinality 5 x 10° (row 2 of Table 1) both Multiply-Mod-Prime
and Multiply-Shift have some experiments with huge errors (about
120% and 25%, respectively). See Figure 3b.

Testing running times, we tested on a dataset of cardinality
5% 107 (row 4 of Table 1) with k = 3500 ( Figure 4a). We notice that
the implementation with Tabulation-1Permutation is significantly
faster than the other methods except for Multiply-Shift.

5.2.2 Metanome. Using Java and the Metanome data profil-
ing framework, we also tested Tabulation1-Permutation against
Multiply-Mod-Prime and MurmurHash3. The experiments were
performed on very large datasets (size 5 x 108), with sketch size
k = 3.2 x 10°, and desired error 1%. We ran 400 experiments for
each hash-function.

The error results are shown in Figure 5. Once again we verify that
in order to test reliability, a lot more experiments are needed; just
400 experiments were not enough to show any unreliable behavior
of Multiply-Mod-Prime. However 400 experiments were enough to
show that MurmurHash3 gives results that are not within the 1%
error.

Concerning running times, MurmurHash3 required 14.15 sec-
onds per experiment, Multiply-Mod-Prime required 14.4 seconds,
and Tabulation-1Permutation required 15.65 seconds per experi-
ment. A possible explanation for the slightly longer running time
of Tabulation-1Permutation is that tabulation methods work best
when their look-up tables can be efficiently stored in the L1-cache.
When running on top of the Metanome framework, it may be the
case that there was not enough space in the L1-cache to completely
fit the look-up tables.

It is also interesting to notice that the running time for each
experiment was not very stable. For Tabulation-1Permutation the
time varied between 13.5 and 19 seconds, for Multiply-Mod-Prime
between 12.5 and 17.5 seconds, and for MurmurHash3 the range
was much larger (between 12 and 30 seconds). For Tabulation-
1Permutation this is likely due to cache misses, while for the other
two methods it is most likely due to the fact that their output did
not look “random” enough and thus values had to be inserted in
the bottom-k priority queue often; it can theoretically be proven
that Tabulation-1Permutation does not suffer from such problems.

The MurmurHash3 function we used was the one from the of-
ficial implementation of MurmurHash3 [2]. Additionally, we also
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Figure 4: Timing of bottom-k experiments (synthetic data).
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Figure 5: Cumulative plot of the relative errors of 400 exper-
iments per hash-function, using the bottom-k algorithm on
Metanome. Cardinality= 5 x 10% and k = 3.2 x 10°.

experimented in the same setting, using the implementation of
MurmurHash3 used in a survey for cardinality estimation [10]. In

this case, we had some experiments with 15% errors. The reason is
possibly that the two implementations use different constants for
computing the hash value. This fact highlights the need for hash
functions with strong theoretical guarantees.

5.2.3 Applying the Median Trick. We performed experiments
where independent repetitions and the median trick were used
for the instantiations with Multiply-Shift and Multiply-Mod-Prime,
while the implementation with Tabulation-1Permutation still used
just a single sketch.

For accuracy, we performed 3 x 10* experiments on a dataset of
cardinality 5 X 10° (row 3 of Table 1). The results are shown in Fig-
ure 6a. We observe that the estimations, when using Tabulation-
1Permutation, are always within the 3% bound, and are generally
more concentrated around the actual cardinality.

For speed, we ran the algorithms on datasets of cardinality 5x 107
with k = 3500 (row 5 of Table 1). Here Tabulation-1Permutation
was significantly faster, as seen in Figure 4b. Its average running
time was 365ms, while Multiply-Shift required 1118ms and Multiply-
Mod-Prime required 422ms.
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thetic datasets (consecutive integers). The plots should be interpreted as those in Figure 3.

5.3 Threshold-Sampling on Synthetic data

In this subsection, we present our experiments on the threshold-
sampling algorithm when using synthetic data. All experiments
were performed in C++11. We first consider an implementation with
one repetition per experiment for all hash functions. Secondly, we
consider using the median trick with Multiply-Shift and Multiply-
Mod-Prime.

5.3.1 One Repetition Per Experiment. We performed experiments
on implementations of the threshold-sampling algorithm using only
a single sketch for each hash functions. Details of the experiments
are listed as rows 6, 7, and 9 of Table 1. All of them were aiming for
a relative error of at most 1%.

For accuracy, we performed experiments on a datasets with cardi-
nality 5 X 10° (row 6 of Table 1). The results are plotted in Figure 7a.
Only Multiply-Mod-Prime and Multiply-Shift gave results with rel-
ative error worse than 1% error (about 15% and 2%, respectively).
If we zoom in (Figure 7b) we see that within the acceptable error

1% these two hash functions are far more accurate than all other.
This is actually not at all surprising, as we remark in Section 5.5.
Rather it is a direct consequence of the estimators having the same
variance. We also performed experiments for datasets with car-
dinality 2.5 x 10> (row 7 of Table 1). The results are plotted in
(Figure 7c). Here, we see a similar picture, but the errors are much
higher. Namely, Multiply-Mod-Prime has experiments with more
than 50% relative error, and Multiply-Shift has experiments with
more than 35% relative error.

Concerning the running time, we run datasets of cardinality 10°
(row 9 of Table 1). The results can be seen in Figure 8a, and it is clear
that implementing the algorithm with Tabulation-1Permutation
is significantly faster than with any other hash function except
Multiply-Shift.

5.3.2 Applying the Median Trick. We performed experiments
where independent repetitions and the median trick were used
for the instantiations with Multiply-Shift and Multiply-Mod-Prime,
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Figure 8: Timing of threshold-sampling experiments (synthetic data).

while the implementation with Tabulation-1Permutation still used
just a single sketch.

For accuracy, we performed 3 X 10* experiments with a dataset
of cardinality 2.5 x 10° (row 8 of Table 1). We used the threshold
p = 0.128 for Multiply-Mod-Prime and Multiply-Shift and the
threshold p = 0.64 for Tabulation-1Permutation. The results are
shown in Figure 6b. Notice that the threshold p when performing 5
repetitions is 5 times smaller. This is to ensure that the elements
of each of the 5 independent sketches only use a fifth of the total
allowed space k. We observe that the estimations are much better
concentrated when using Tabulation-1Permutation, always keeping
within the 1% bound.

Testing for speed, we ran experiments on datasets of cardinal-
ity 5 x 10° (row 10 of Table 1). Here Tabulation-1Permutation is
much faster with an average running time of 19ms, while Multiply-
Shift required 33ms and Multiply-Mod-Prime required 78.5ms. The
results can be seen in Figure 8b.

5.4 Experiments on Real-world Data

In this subsection, we present our experiments with real-world
data. For these experiments, we used geometric datasets, namely
the Openadresses dataset. We experiment on this dataset in two
different ways. First, we estimate the distinct elements of the dataset
directly. Then, in order to better motivate counting distinct elements
on this dataset, we partition the geometric space in squares of
fixed size. Each geometric item is assigned to its corresponding
square, and we count the number of non-empty squares. All the
experiments aimed at error probability 3%. The experiments are
listed as rows 11 through 14 of Table 1.

5.4.1 One Repetition Per Experiment. In the setting where we were
only using a single sketch for all the hash functions, the results
were as follows.

For accuracy, when running on both the initial dataset and the
preprocessed dataset, Tabulation-1Permutation and MurmurHash3
were always within the 3% relative error bound on the initial dataset,
while Multiply-Mod-Prime and Multiply-Shift deviated from this
error bound in both cases. See Figure 9a and Figure 9b, respectively.

For the preprocessed data set some of these deviations were as
big as 80% and 40% for Multiply-Mod-Prime and Multiply-Shift,
respectively.

For running times, Tabulation-1Permutation is comparable with
Multiply-Mod-Prime (in the original dataset it is slightly slower
and in the preprocessed dataset it is slightly faster). It is also sig-
nificantly slower than Multiply-Shift and significantly faster than
MurmurHash3, in both cases. See Figures 9c and 9d for the results.

5.4.2 Applying the Median Trick. In the setting where we use the
median trick when instantiating the estimator with the median
trick, the results were as follows.

For accuracy, Tabulation-1Permutation (with a single repetition
per experiment) is always within the 3% relative error bound, and
is generally better concentrated. Multiply-Mod-Prime is within
the error bounds only in the case of the preprocessed input, and
Multiply-Shift is off the 3% error bound in both cases. See Figure 10a
for the results.

For speed, Tabulation-1Permutation also outperforms the other
two hash functions when we measure running time in this setting.
In the original dataset, Tabulation-1Permutation needs 9.5ms per
experiment, Multiply-Shift needs 16ms, and Multiply-Mod-Prime
needs 36ms. See Figure 10c for details. In the preprocessed dataset,
the situation is similar: Tabulation-1Permutation needs 5.5ms per
experiment, Multiply-Shift needs 7ms, and Multiply-Mod-Prime
needs 14ms. See Figure 10d for details.

5.5 Remark on Concentration

An interesting observation related to the errors when running
only a single sketch for all hash functions is the following: If we
only focus our attention on the successful experiments, i.e., the
outcomes with relative error less than ¢, then on some data sets,
Multiply-Mod-Prime and Multiply-Shift appear more accurate than
Tabulation-1Permutation (see for instance Figure 3a and Figure 3c).
Running only a few experiments, this could lead to the false impres-
sion that these hash functions are in fact always better than hash
functions like Tabulation-1Permutations. However, the variance of
the estimators are approximately the same for all the seeded hash
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functions. This means that if we obtain these ’to good to be true’
estimates most of the time, we must inevitably have some cases
where the estimates are far off. This is precisely the behaviour that
we see with Multiply-Mod-Prime and Multiply-Shift. On the other
hand, as seen in Figure 3a and Figure 3c, Tabulation-1Permutation
provides estimates that reliably lie within the 3% error margin, not
extremely close to the precise cardinality, yet with no wild outliers.

6 CONCLUSION

In this paper we showed that the use of hash functions with strong
concentration bounds, like Tabulation-1Permutation, can speed up
streaming algorithms by avoiding time consuming independent
repetitions, and still provide accurate statistical estimates with high
probability. Specifically, we studied algorithms for estimating the
number of distinct elements in a stream and the similarity between
two large sets.

Our results are backed up by experiments which show that
widely used hash functions like Multiply-Mod-Prime and Multiply-
Shift do not exhibit similar behavior. On the other hand, when
boosting the success probability of Multiply-Shift and Multiply-
Mod-Prime using independent repetitions, the implementation
with Tabulation-1Permutation both becomes faster and it provides
more reliable estimates. Finally, the running time of Tabulation-
1Permutation is better than that of other commonly used hash
functions like MurmurHash3, which provided reliable estimates
in our experiments but which have no similar general theoretical
guarantees.

Evaluating the strength of a hashing scheme experimentally is
an impossible task. The hash function may behave nicely on most
data, but when certain badly structured data sets are encountered, it
may fail miserably. This is an important reason why hash functions
with strong theoretical guarantees are desirable. This paper demon-
strates that when implementing the above streaming algorithms
with Tabulation-1Permutation, we not only obtain such strong theo-
retical guarantees for the estimators; the algorithms also experience
a significant speed-up.
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1 Introduction

A key goal in theoretical computer science is the identification of structures that exhibit
resilience to adversarial tampering. The classical notion in this space is that of an error-
detection or error-correction code, where we seek to ensure that tampering caused by an
adversary that can modify a bounded number of symbols in a codeword can be detected or
corrected.

But what if the number of errors that an adversary can introduce is unbounded? The
objective of error detection or correction is clearly impossible to achieve in this setting — the
adversary can simply replace the transmitted codeword with an encoding of some other fixed
value. Thus, the main question of study in this context concerns the notion of malleability:
informally speaking, our core goal must be to prevent the adversary from replacing an
encoding of a value & with an encoding of some other related value & # x.

The central information-theoretic object in this setting is called a split-state non-malleable
code [5]. Since their introduction in 2010 [5], split-state non-malleable codes have been
the subject of intense study within theoretical computer science [5, 4, 1, 3, 2, 6]. Here,
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we consider the most basic form of a split-state non-malleable code, namely a code for
encoding a single bit. A split-state non-malleable code [5] for single-bit messages consists of
randomized encoding and decoding algorithms (enc, dec). A message m € {0,1} is encoded
as a pair of strings (L, R) € {0,1}*¥ x {0,1}*, such that dec(L,R) = m. An adversary
then specifies an arbitrary pair of functions g, h : {0,1}* — {0,1}*. The code is said to be
non-malleable if, intuitively, the message obtained as dec(g(L), h(R)) is “unrelated” to the
original message m. In particular, to be e-non-malleable, it is enough [4] to guarantee that
when the message m is chosen uniformly at random and encoded into (L, R), the probability
that dec(g(L), h(R)) =1 —m is at most 3 + ¢.

1.1 Previous Work

All known constructions and proofs of security for explicit split-state non-malleable codes have
required complex mathematical proofs, and all known such proofs either directly or indirectly
used the mathematics behind constructions of two-source extractors [4, 1, 3, 2, 6]. In fact,
after constructing the first non-malleable code in the split-state model Dziembowski, Kazana,
and Obremski wrote: “This brings a natural question if we could show some relationship
between the extractors and the non-malleable codes in the split-state model. Unfortunately,
there is no obvious way of formalizing the conjecture that non-malleable codes need to be
based on extractors” [4].

1.2 OQur Contribution

In this work, we seek to establish new, simpler, foundations for the construction of single-bit
split-state non-malleable codes. We do so by answering in the negative the implicit conjecture
of [4]; we show that it is not necessary to base constructions of non-malleable codes on the
theory of extractors.

Specifically, we show that expander graphs immediately give rise to split-state non-
malleable codes for single-bit messages. We prove that any d-regular graph on n = 2* nodes
with spectral expansion \ satisfying n = Q(d® log(d)/\) yields a O (%n)—non—malleable code
for single-bit messages in the split-state model. Our proof is elementary, requiring a little
more than two pages to prove, having at its heart two nested applications of the Expander
Mixing Lemma. Furthermore, we only need expanders of high degree (e.g., d = nt/ 3), which
can be constructed and analyzed easily (see, e.g., [7] or Appendix C), yielding 2~*(*)-non-
malleable codes. It is worth noting that the manner in which we construct a single-bit code
from an expander graphs is similar to how [4] constructs a single-bit code from a two-source
extractor. Thus, our main discovery is that expander graphs suffice for such a construction
to succeed.

Our construction of non-malleable codes from expander graphs thus opens up a new line
of attack in the study of split-state non-malleable codes. It is important to keep in mind that
current constructions of non-malleable codes supporting messages of arbitrary length use
many ideas pioneered in the construction of [4], in particular the use of extractors. While
we do not yet know how to generalize our results beyond single-bit messages, we speculate
that further investigation building upon our work will reveal a deeper connection and more
powerful simple constructions based on expanders.

It should be noted that two-source extractors are well-known to exhibit expansion
properties; however, in all previous proofs, much more than mere expansion was used to
argue non-malleability. Indeed previous proofs apply extractors repeatedly; for instance
the proof of [4] uses the extractor property multiple times (e.g., in equation (22) and using
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equation (43) in [4]). We also note that it is not surprising that 1-bit non-malleable codes
will exhibit some sort of expansion properties. Our contribution is the converse: that good
expansion is sufficient for the construction of non-malleable codes.

1.3 Parameters and a Comparison with DKO13

For completeness we include an analysis of the concrete parameters of our resulting code.
Let v > 0 be given. Our construction yields a 1-bit y-non-malleable split-state code where
each part of the message is a vertex of a d-regular graph G on n vertices. The graph G must
have expansion A and satisfy n = Q(d®log(d)/)\) and A\3/2/d = O(v). Suppose that G has
expansion ©(+/d), which is the case for the instantiation in Appendix C. We may then set
d=0((1/7)*%) and n = ©((1/4)'°). Thus, our code uses space 201log(1/~) + O(loglog(1/7))
to encode a single bit. The instantiation from Appendix C is not able to choose n as flexibly
as suggested here and uses space 24 1og(1/7). The time taken to encode and decode a message
in this instantiation is O(log(1/7)). In comparison, the instantiation of [4] uses space around
901log(1/7) and the time to encode and decode is O(log(1/7) log®(log(1/7))). It should be
noted, however, that the construction of [4] supports leakage as well, something that we are
not considering in this paper.

1.4 Intuition behind our construction and analysis

Every graph, G = (V, E) yields a single-bit split-state code in the following straightforward
manner: To encode 1, pick an edge (v,u) € E uniformly at random, and set the left encoding
to be v and the right encoding to be u. To encode a 0, do the same with a uniformly random
non-edge in the graph.

Our analysis proceeds in two parts. First, in Proposition 6, using only elementary
manipulations, we give an exact characterization of the success probability of any particular
tampering split-state adversary against the code associated with any graph. The split-
state adversary uses two functions, g and h, to tamper with the left and right encodings,
respectively. The significant term of the probability to be analyzed is the quantity

5 (dlg @] A7 (W] _ |E(gl(v),h1(u))|>'

n
(v,u)€EE

To bound this expression, we make the following observations. First, sparsity of the graph
allows us to bound many of the terms immediately. Second, the term in the parentheses
above immediately suggests a bound using the Expander Mixing Lemma, applied to the
number of edges from g~!(v) to h=!(u). Third, we observe that the sum itself is over edges
(v,u) € E, and furthermore, the remaining sum of problematic terms are a sum over edges of
the form (v,u) € EN (T x S§) for some vertex subsets S,7 C V. This allows us to apply the
Expander Mixing Lemma a second time, effectively bounding the number of “error terms”
that accumulate through the initial use of the Expander Mixing Lemma. The actual analysis
of this bound is just over a page of calculation. The analysis follows the intuition above,
modulo a partitioning of terms into sets of appropriate size for the analysis to work.

2 Preliminaries

We shall assume familiarity with the basics of codes and non-malleable codes. A cursory
review of relevant definitions can be found in the appendix.

6:3
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» Notation 1 (Graphs). A graph G = (V, E) consists of vertices V and edges E CV x V. In
this exposition every graph is undirected and n = |V| always denotes the number of vertices
of the graph in question.

For any v € V we denote by N(v) the set of neighbors of v in G.

For any two subsets S,T CV we denote by E(S,T) the set of (directed) edges from S to

TinG. Le. E(S,T) ={(v,u) € SxT| (v,u) € E}.

» Definition 2 (Spectral Expander). Let G = (V, E) be a d-regular graph, Ag be its adjacency
matriz, and Ay > -+ > X\, be the eigenvalues of Ag. We say that G is a A spectral expander
if A > max{|Az2],..., | \n]}-

» Theorem 3 (Expander Mixing Lemma). Suppose that G = (V, E) is a X spectral expander.
Then for every pair of subsets S,T C V we have

d-|S|-|T
(s 1)) - PV < s

Our results will rely on the following characterization of 1-bit non-malleable codes by
Dziembowski, Kazana, and Obremski found in [4].

» Theorem 4. Let (enc,dec) be a coding scheme with enc: {0,1} — X and dec: X — {0,1}.
Further, let F be a set of functions f: X — X. Then (enc,dec) is e-non-malleable with
respect to F if and only if for every f € F,

Pr(dec(f(enc(b))) =1 —-b) <
b<={0,1}

+e,

DN | =

where the probability is over the uniform choice of b and the randomness of enc.

3 Results

We first formally introduce our candidate code and then prove that it is a non-malleable
code.

3.1 Candidate Code

From a graph we can very naturally construct a coding scheme as follows.

» Definition 5 (Graph Code). Let G = (V,E) be a graph. The associated graph code,
(encg, decq), consists of the functions

encg: {0,1} =V xV, decg: V xV = {0,1}

which are randomized and deterministic, respectively, and given by

(u,v) <~ (VxV)\ E, b=0,
el = (u,v) <~ E —
e
’ 1,
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3.2 Non-Malleability of Expander Graph Codes

Finally, arriving at the core of the matter, we first establish the following lemma casting the
expression of Theorem 4 in terms of graph properties.

» Proposition 6. Let G = (V, E) be a graph, functions g,h: V — V be given, and [ =
(g, h): VXV = VXV satisfy f(u,v) = (g(u), h(v)). For the probability that f flips a random
bit encoded by encq, write

T'= Pr (decg(f(encg(b))) =1-10)
b<={0,1}

where the probability is taken over the randomness of encg and the sampling of b. Then

T = 1 + %d) Z (d‘g_ (U)| ) |h_ (u)‘ _ ’E(g_l(v),h_l(u))o . (1)

n
(v,u)eE

Proof. For b € {0,1} denote by Q, the probability

Qy = Pr(decg(f(encg (b)) =1-10)

taken over the randomness of encg. It is clear that T = % and that by definition

Qo = Pr [(g(v), h(u)) € ET, Q= Pr [(g(v),h(u) & EJ.

('U,u)éVXV\E’ ('U,u)éE

First, for b = 0 we see that the number of non-edges that are mapped by f to any given
(v,u) € E is given by ’g_l(v)‘ : ‘h‘l(u)’ - ‘E(g_l(v), h_l(u))‘. There are n(n — d) non-edges
in G so it follows that

Ywwer |97 O] [hH(wW)] - [E(g™ (v), A7 (u))]
n(n —d) ’

Qo =

Second, for b = 1 the number of edges of G that are mapped to non-edges by f is given by
2 (vu)gE |E(g=*(v), h=*(u))|. Since there are dn edges of G to choose from when encoding
the bit b =1,

_ Z(U,u)ng |E(971(U)a hil(um

o o

Now, observing that the number of (directed) edges in the graph is dn and that {g=!(v)},ev
and {h™!(u)}uev are both partitions of V, we get

= Y e BT @) S s B 0), 7 W)
Q1= an =1- in .

Putting it all together,
_ > omeE lg7 @)] - | (w)| = |E(g™" (v), k™ (w))] L1 > (wm)eE |E(g™" (v), h ™" (w))]

2n(n — d) 2 2dn

dlg )| - |h " (u
B S S ( g ()\n| <>||E(gl(v)’h1(u))|>.

(v,u)EE

T

A

We proceed immediately with the main theorem, which concludes the exposition. In order to
keep this presentation short and to the point, more elaborate calculations, which avoid the
log-factors, have been placed in the appendix as Theorem 10.

6:5
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» Theorem 7. Let G = (V,E) be d-reqular with spectral expansion A satisfying n =
Q(d®log(d)*/N). Then (encg,decq) is an O (#)—non—malleable code in the split-state
model.

Proof. Let f =(g,h): V XV — V x V be given. By Theorem 4 and Proposition 6 we just
need to show that

_ 1 dlg~' ()] - [h (w)] oy
R*Qd(n_d)' Z < n —|B(g™ (v), A (w)]
(v,u)€EE
is bounded by O ( ) Define the sets
Gi={vevily v|>%}, H1—{u€V||h’1(u)|>%},
G={vevilgo|< 5}, H={ueV||hiwl <5},

for i,j € {1, 2} write

1 dlg="(v)] - [h~" (u)]

i = 24t —a)

(v,u)eEN(G;x Hj) (

and observe that R = 21<”<2 R; ;
Consider the case when i = 2. Slmply bounding the terms of the form |g=(v)| - |7 (u)]
by using that each vertex has only d neighbours, we get

1 _ _
R2,1+R2,2§m Z ’g 1(’0)‘|h 1(U)}
(v, u)EEN(GaxV)

1 n 1
St b2 g W

ueV
B n
- 2(n—d)d’
Thus, Ry 1 + Ra2 =0 (d_l). By symmetry, Ry 2 = O (d_l). It only remains to show that
Ry, = O (’\2/2). To this end, partition G; and Hj, respectively, as
k _ n 1 _ n
Gi={vea g2l >5} H={vem|gs= "W >3}
for1 <k, 1< (log2 (dzﬂ. Now, focusing on each pair G} and H!, we write
1 dlg~" (v)] - [h " (u)]
Skl = ———= — |E(g™t h1
kil 2d(n —d) Z ( n ‘ (97 (v), (U))‘
(v,u)EEN(GY x H!)

and apply first the mixing lemma then the Cauchy-Schwartz inequality to get
dlg™ )] Y e nynm [h (W)

2d(n — d)Ski = Y : d el | '
UGG’f uEN(v)ﬂHi
<> A flgt@l- Y W)l
veGk ueN (v)NH!
n n 1
f>‘\/ ok—1 " 9i—1 Z \/ |N(U)DH1’
veGY

<227 \/|G’f| : \/|E(G§,H§)|.
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We use the fact that ‘G’f‘ < 2k HH < 2!, apply the mixing lemma to the last factor, and
wield Jensen’s inequality on the arising square root to obtain

. k| . l
U )50y < o2 @Mwnwﬂ Gl A

n
< AMW2kdn + 25T 232 < X - VdBn + 27T )32,

By symmetry of k and [, d(n — d)Sk; < A-Vd3n + 27" \3/2p. Thus,

Riq= Z Sk

1<k,I<[log, (d?)]

Mog(d)? - Vd N3/2 ey
oMt ) (2. v

1<k,I<[log,(d?)]

o (1E0NY, )
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A Definitions for Split-State Non-Malleable Codes

Here, we recall the basic definition of a split-state non-malleable code due to [5].

» Definition 8 (Coding scheme). We define a coding scheme to be a pair of functions
(enc,dec). The encoding function enc: M — X is randomized while the decoding function
dec: X - M U{L} is deterministic. Further, for all s € M the pair satisfies

Pr[dec(enc(s)) = s] =1
where the probability is taken over the randomness of enc.

» Definition 9 (Split State Non-Malleable Code). A coding scheme (enc,dec), enc: M —
L xR and dec: L x R — MU{L}, is e-non-malleable in the split state model if for every
pair of functions g: L — L,h: R — R and writing f = (g, h) there exists a distribution D

6:7
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supported on MU {*, L} such that for every s € M the two random variables defined by the
experiments

A — { (L,R)<—enc(s); }
f Output dec(g(L),h(R))

Bs _ §<—Df;
f 7 ) If =% output s else output &

have statistical distance at most €.

B Deliver Us from Log Factors

A more thorough analysis of the sums in the proof of Theorem 7 allows us to get slightly
better bounds. The technicalities are of little interest to the big picture and were hence
omitted in the body of the paper. The addition consists of an alternative ending to the proof
of Theorem 7.

» Theorem 10. Let G = (V,E) be d-regular with spectral expansion A satisfying n =
Q(d?log(d)/\). Then (encg,decg) is an O (&f)—non—malleable code in the split-state

model.

Proof. At the very end of the proof of Theorem 7, we arrived at

ik d- |G| |H!
d(n — d)Sy, <2 ’Ekm-\/yG'f;.\/W+A-\/\G§\-|H{|.

Applying Jensen’s inequality, we get

A — Lk 7 )‘3/2 _kE g4 3
suso(=) et ot ylmvo (P ) ¥ et m

with the functions hidden by the O-notation being independent of k, I.
Now, note that

_ n- |Gk _ n- |H!
e = 21 pi ety > 2L Q
k
and for all k < [log,(d?)| we have |2C:/12‘ < 2d. We shall bound each of the terms of (2)

separately.
First, write

I — Z (2—’?C|G’f|\/@>
1<k,I<[log,(d?)]

Using the Cauchy-Schwartz inequality in the second inequality,

L<a2d- > J27t|HY|

1<i<[log,(d?)]

<0(d-Vieg@)- | > 2te|m

1<i<[log,(d?)]

SO(d.\/m). 1<l<[lz:(d2ﬂ
=0 (d- Viog(@))

|h=t ()|
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since the H! are disjoint subsets of V. In conclusion,

A _ itk A-y/d-log(d)
o) X a0 (2
Vin 1<k,I1<[log, (d2)] v

)\3/2

Second, let k <1 and write ¢t = [ — k. We now bound the sum using (3). Write

K= S 2 F ey |H.

1<k<I<[log,(d?)]

k—1

K< 3 (2; ST \hl(H{>|>

1<k<I<[log,(d2)]

Bl

|_10g2(d2)~| 9- |_10g2(d2

)] -
< > |5 X Vel )
=t

t=0

3/4 1/4

|—log2(d2)‘| [Ing (dz)—| |—log2(d2)‘|

< > |2 X e | X )

t=0 =t I=t

t=0

where the third inequality is established using Holder’s inequalty.
It now follows that

)\3/2
Z SkJ — O (d) .
1<k<i<[log,(d?)]
By symmetry of k£ and [,
)\3/2
Rii = Z Sk =0 <d > ;

1<k,1<[log, (d?)]
which completes the proof. |
C Instantiating Our Construction
Using our results to instantiate an efficient, secure split-state non-malleable code, we require

a family of graphs {Gy }ren, where each Gy = (Vi, Ey) is dg-regular with spectral expansion
Ak, satisfying the following:

1. The function e(k) = )‘2:2 is negligible.

2. We have ny = |V(Gy)| = Q(d; log(dk)/Ax)

3. Both sampling an edge (u,v) <~ Ej and sampling a non-edge (u,v) <= (Vi x Vi) \ Eg
can be done in time polynomial in k.

6:9
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4. Determining membership of a pair (u,v) € V x V in E(G}) can be done deterministically
in time polynomial in k.

Given such a family of graphs it is clear that the corresponding graph code (encg, ,decg, ) is

an efficiently computable non-malleable code.

C.1 Instantiation with High-Degree Cayley Graphs

Explicit constructions of such families of graphs do indeed exist. We shall here give an
example from [7] from the class of graphs known as Cayley graphs. The construction is as
follows.

» Definition 11. For p a prime and 1 <t < p let the graph LD, ; have vertezx set IF;,‘H and
edge set

E(LDp,) = {(z,x + (b,ab,a®b,....a'd)) |z € FL a,b € Fp},

i.e. z,y € V(LD, r) are connected by an edge if and only if there exists a,b € F,, such that
y =z + (b,ab,a?b,. .. a'b).

It is worth nothing that the graph LD, ; is p?-regular and that it is undirected as z is
connected to y if and only if y is connected to x.

Now, let t =5 and for each k € N let p; be some k-bit prime. We consider the family of
graphs {LD,, 5}ken for our instantiation. In the following, we shall check the criteria from
the beginning of the section point by point.

1. The family of graphs LD, ; has great expander properties.
» Theorem 12 (explicit in Trevisan [7]). For 1 <t < p, the graph LD, ; is a pt-spectral

expander.

3/2
This fact allows us to note that for our particular choice of graphs, (k) = % < \}—5,
k k

which in fact is 27*(%) and the representation size is O(k) bits.

2. We have Q2 (d’%b)\igk(dk)) = Q(p®log(p)) such that indeed,
3
= V(LD )| = = ().
k

3. Sampling an edge (u,v) <~ E(LD,, ;) is simply a question of picking z € Fitt a,b € Fp,

uniformly at random and then outputting the edge (z,z + (b, ab, a?b, ..., a'd)).
To pick a non-edge, simply sample two random vertices u,v € Fétl uniformly at random
and check (with the procedure to be specified below) whether (u,v) € E(LD,, ). Since
for ¢t > 1 the probability of hitting an edge with such a random choice is < 1/py, the
expected number of repetitions is constant and hence the procedure takes expected

polynomial time.

4. To test membership of some (u,v) € (Ffjk‘l)z in E(LD,, ), perform the following opera-
tion: Compute ¢ = u — v and write © = (xg,...,x¢). It is now trival to check whether

(1, L, ﬂ) is of the form (1,a,a?,...,a").
o o
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Support of Closed Walks and Second Eigenvalue Multiplicity

of the Normalized Adjacency Matrix
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Abstract

We show that the multiplicity of the second normalized adjacency matrix eigenvalue of any
connected graph of maximum degree A is bounded by O(nA”/%/log'/>™" ) for any A, and
by O(nlog"?d/log"**® n) for simple d-regular graphs when d > log"*n. In fact, the same
bounds hold for the number of eigenvalues in any interval of width A,/ loglA_O(l) n containing
the second eigenvalue A,. The main ingredient in the proof is a polynomial (in k) lower bound
on the typical support of a closed random walk of length 2k in any connected graph, which in
turn relies on new lower bounds for the entries of the Perron eigenvector of submatrices of the

normalized adjacency matrix.
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1 Introduction

The eigenvalues of matrices associated with graphs play an important role in many areas of
mathematics and computer science, so general phenomena concerning them are of broad interest.
In their recent beautiful work on the equiangular lines problem, Jiang, Tidor, Yao, Zhang, and
Zhao [JTY*19] proved the following novel result constraining the distribution of the adjacency
eigenvalues of all connected graphs of sufficiently low degree.

Theorem 1.1. If G is a connected graph of maximum degree A on n vertices, then the multiplicity of the
second largest eigenvalue of its adjacency matrix Ag is bounded by O(nlog A/ loglog(n)).

For their application to equiangular lines, [JTY*19] only needed to show that the multiplicity of
the second eigenvalue is o(n), but they asked whether the O(1/ loglog(n)) dependence in Theorem
1.1 could be improved, noting a huge gap between this and the best known lower bound of Q(n'/3)
achieved by certain Cayley graphs of PSL(2,p) (see [JTY"19, Section 4]). Apart from Theorem
1.1, there are as far as we are aware no known sublinear upper bounds on the second eigenvalue
multiplicity for any general class of graphs, even if the question is restricted to Cayley graphs
(unless one imposes a restriction on the spectral gap; see Section 1.2 for a discussion).

Meanwhile, in the theoretical computer science community, the largest eigenvalues of the
normalized adjacency matrix Ag = Dél/ 2AGD;/ 2 (for D¢ the diagonal matrix of degrees) have
received much attention over the past decade due to their relation with graph partitioning problems
and the unique games conjecture (see e.g. [Kolll, BRS11, LRTV12, OGT13, LOGT14, ABS15,
BGH"15, LOG18]); in particular, many algorithmic tasks become easier on graphs with few large
normalized adjacency eigenvalues. Thus, it is of interest to know how many of these eigenvalues
there can be in the worst case.

In this work, we prove significantly stronger upper bounds than Theorem 1.1 on the second
eigenvalue multiplicity for the normalized adjacency matrix. Graphs are undirected and allowed
to have multiedges and self-loops, unless specified to be simple. Order the eigenvalues of Ag
as AM(Ag) > Ma(Ag) = ... > Ay(Ag), and let mg(I) denote the number of eigenvalues of Ag in an
interval I.

Theorem 1.2. If G is a connected graph of maximum degree A on n vertices with Ay(Ag) = Ay, then!

loglog, n = A715
mg ([(1 - W)Azl /\2]) = O(” . logTSn . 1)

Because of the relationship Ag = 1A when G is regular, (1) gives a substantial improvement
on Theorem 1.1 in the regular case (in the non-regular case, the results are incomparable as they
concern different matrices). In addition to the stronger O(n/polylog(n)) bound, a notable difference
between our result and Theorem 1.1 is that we control the number of eigenvalues in a small interval
containing A. Though we do not know whether the exponents in (1) are sharp, we show in Section

1 All asymptotics are as n — oo and the notation o() suppresses polyloglog(n) terms.
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5.1 that constant degree bipartite Ramanujan graphs have at least Q(11/ log® n) eigenvalues in the

interval appearing in (1), indicating that O(n/polylog(n)) is the correct regime for the maximum
number of eigenvalues in such an interval when A is constant.

Theorem 1.2 is nontrivial for all A = o(log'/” n); as remarked in [JTY*19], Paley graphs have
degree Q)(n) and second eigenvalue multiplicity ()(n), so some bound on the degree is required to
obtain sublinear multiplicity. In Section 1.1, we present a variant of Theorem 1.2 (advertised in the
abstract) which yields nontrivial bounds in the special case of simple d—regular graphs with degrees
as large as d = exp(log'/?™®n), which is considerably larger than the regime d = O(polylog(n))
handled by [JTY*19].

The main new ingredient in the proof of Theorem 1.2 is a polynomial lower bound on the
support of (i.e., number of distinct vertices traversed by) a simple random walk of fixed length
conditioned to return to its starting point. The bound holds for any connected graph and any
starting vertex and may be of independent interest.

Theorem 1.3. Suppose G is connected and of maximum degree A on n vertices and x is any vertex in G. Let
y2 = (x = Xo, X4, . .., Xox) denote a random walk of length 2k < n sampled according to the simple random
walk on G starting at x. Then

1/5
IP(support(y2) < s|Xp = Xo) < exp (—ﬁ) for s< 411 (m) . (2)

In particular, this means that for constant A, the typical support of a closed random walk of
length 2k is least Q(k'/%). It may be tempting to compare Theorem 1.3 with the familiar fact that a
random closed walk of length 2k on Z (or in continuous time, a standard Brownian bridge run
for time 2k) attains a maximum distance of Q( Vk) from its origin. However, as seen in Figure 1,
there are regular graphs for which a closed walk of length 2k from a particular vertex x travels a
maximum distance of only polylog(k) with high probability. Theorem 1.3 reveals that nonetheless
the number of distinct vertices traversed is always typically poly(k). We do not know if the specific
exponent of k'/5 supplied by Theorem 1.3 is sharp, but considering a cycle graph shows that it is
not possible to do better than k!/2.

Given Theorem 1.3, our proof of Theorem 1.2 follows the strategy of [JTY"19]: since most closed
walks in G have large support, the number of such walks may be drastically reduced by deleting
a small number of vertices from G. By a moment calculation relating the spectrum to self return
probabilities and a Cauchy interlacing argument, this implies an upper bound on the multiplicity
of A2(Ag). The crucial difference is that we are able to delete only 1/polylog(n) vertices whereas
they delete n/poly log log(n).

The key ingredient in our proof of Theorem 1.3 is a result regarding the Perron eigenvector (i.e.,
the unique, strictly positive eigenvector with eigenvalue 1) of a submatrix of A.

Theorem 1.4. For any graph G = (V, E) of maximum degree A, take any set of vertices S € V such that
the induced subgraph on S is connected, and let s be the £y-normalized Perron vector of As, the principal
submatrix of A corresponding to vertices in S. Then there is a vertex u € S which is adjacent to V \ S such
that

Ys(u) = 1/(A2A1(As)ISP?). (3)

When we restrict this result to G being a d-regular graph and pass to the adjacency matrix,
we achieve a result about the unnormalized adjacency matrix of irregular graphs that may be of
independent interest.
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Figure 1: For a regular graph composed of a near-clique attached to an infinite tree, a closed walk
of length 2k starting from within the near-clique does not typically go deeper than O(log k) down
the tree. However, the support of such a closed walk is typically k(). See Section B for a more
detailed discussion.

Corollary 1.5. Let H = (V,E) be an irregular connected graph of maximum degree A with at least
two vertices, and let ¢y be the {,-normalized Perron vector of Ay. Then there is a vertex u € V
with degree strictly less than A satisfying

Pr(u) = 1/ (A2 (Ap)IVIP3). (4)

Corollary 1.5 may be compared with existing results in spectral graph theory on the “principal
ratio” between the largest and smallest entries of the Perron vector of a connected graph. The
known worst case lower bounds on this ratio are necessarily exponential in the diameter of the
graph [CG07, TT15], and it is known that the Perron entry of the highest degree vertex cannot be
very small (see e.g. [Stel4, Ch. 2]). Corollary 1.5 articulates that there is always at least one vertex
of non-maximal degree for which the ratio is only polynomial in the number of vertices.

The proof of Theorem 1.4 is based on an analysis of hitting times in the simple random walk on
G via electrical flows, and appears in Section 2. Combined with a perturbation-theoretic argument,
it enables us to show that any small connected induced subgraph S of G can be extended to a
slightly larger induced subgraph with significantly larger Perron value A;(As). With some further
combinatorial arguments, this implies that closed walks cannot concentrate on small sets, yielding
Theorem 1.3 in Section 3, which is finally used to deduce Theorem 1.2 in Section 4.

We show in Section 5.2 via an explicit example (Figure 2) that the exponent of 5/2 appearing
in Corollary 1.5 is sharp up to polylogarithmic factors. We conclude with a discussion of open
problems in Section 6.

Remark 1.6 (Higher Eigenvalues). An update of the preprint of [JTY*19] generalizes Theorem 1.1
to the multiplicity of the jth eigenvalue. Our results can also be generalized in this manner by some
nominal changes to the arguments in Section 4, but for simplicity we focus on A, in this paper.
1.1 Higher degree regular graphs

If G = (V,E) is a simple, d-regular graph, and S ¢ V such that |S| < d, then necessarily all vertices

of S are adjacent to vertices in V' \ S. Therefore we can improve the bound from Theorem 1.4

4
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Figure 2: An example of a graph where all vertices u that are not of maximum degree have
Y(u) = O(n=5/?). The circled sets Xy, X1 and X will be used in the analysis of the graph in Section
5.2.

by assuming the vertex on the boundary is the maximizer of the Perron vector, which has value
Ys(u) > 1/ V|S]. This leads to the following variants of our main results for simple, regular graphs
of sufficiently high degree.

Theorem 1.7. G is simple, d—regular, and connected with Ay = A(Ag), then

0O _ 1/4
loglog, n ) o5 when d = o(log '* n)
1 - A /A = —_— n 5
mg | [( log, 1 A2, A2] O( li(;glxznd) when d = Q(log " ). 5)

The above theorem is based on the following corresponding result for closed walks.

Theorem 1.8. If G is simple, d—regular, and connected on n vertices and y is a random closed walk of length
2k < n started at any vertex in G, then:

k 1k \"*d
Pr(support(y) <s) < exp (— 10053) for s < min {g (logd) , 5} . (6)

The proofs of both theorems appear in Appendix A

1.2 Related work

Eigenvalue Multiplicity. Despite the straightforward nature of the question, relatively little is
known about eigenvalue multiplicity of general graphs. As discussed in [JTY*19], if one assumes
that G is a bounded degree expander graph, then the bound of Theorem 1.1 can be improved to
O(n/logn). On the other hand, if G is assumed to be a Cayley graph of bounded doubling constant
K (indicating non-expansion), then [LM08] show that the multiplicity of the second eigenvalue is
at most exp(log” K). In the context of Cayley graphs, one interesting new implication of Theorem
1.7 is that all Cayley graphs of degree O(exp(log'/?™°n)) have second eigenvalue multiplicity
O(n/ logé/2 n).

Distance regular graphs of diameter D have exactly D +1 distinct eigenvalues (see [God93] 11.4.1
for a proof). However, besides the top eigenvalue (which must have multiplicity 1), generic bounds

5



on the multiplicity of the other eigenvalues are not known. As expanding graphs have diameter
O(log, n), the average multiplicity of eigenvalues besides A, for expanding distance regular graphs
is O(n/log, n). It is tempting to see this as a hint that the multiplicity of the second eigenvalue
could be Q(n/ log, n).

Sublinear multiplicity does not necessarily hold for eigenvalues in the interior of the spectrum
even assuming bounded degree. In particular, Rowlinson has constructed connected d-regular
graphs with an eigenvalue of multiplicity at least n(d — 2)/(d + 2) [Row19] for constant d.

Higher Order Cheeger Inequalities. The results of [LRTV12, LOGT14] imply that if a d—regular
graph G has a second eigenvalue multiplicity of m, then its vertices can be partitioned into ((m)
disjoint sets each having edge expansion O(/d(1 — A2) log m). Combining this with the observation
that a set cannot have expansion less than the reciprocal of its size shows that m = O(n/polylog(n))
whenever 1 — A5(Ag) < 1/1og®n for any ¢ > 1, i.e., the graph is sufficiently non-expanding. Our
main theorem may be interpreted as saying that this phenomenon persists for all graphs.

Support of Walks. There are as far as we are aware no known lower bounds for the support of a
random closed walk of fixed length in a general graph (or even Cayley graph). It is relatively easy
to derive such bounds for bounded degree graphs if the length of the walk is sufficiently larger than
the mixing time of the simple random walk on the graph; the key feature of Theorem 1.3, which is
needed for our application, is that the length of the walk can be taken to be much smaller.

The support of open walks (namely removing the condition that the walk ends at the starting
point) is better understood. There are Chernoff-type bounds on the size of the support of a random
walk based on the spectral gap [Gil98, Kah97]. Such bounds and their variants are an important
tool in derandomization.

Entries of the Perron Vector. There is a large literature concerning the magnitude of the entries
of the Perron eigenvector of a graph — see [Ste14, Chapter 2] for a detailed discussion of results up
to 2014. Rowlinson showed sufficient conditions on the Perron eigenvector for which changing the
neighborhood of a vertex increases the spectral radius [Row90]. Cvetkovi¢, Rowlinson, and Simié
give a condition which, if satistied, means a given edge swap increases the spectral radius [CRS93].
Cioaba showed that for a graph of maximum degree A and diameter D, A — Ay > 1/nD [Cio07].
Cioabd, van Dam, Koolen, and Lee then showed that A1 > (n — 1)1/ D [CVDKL10]. The results of
[VMSK*11] prove a lemma similar to Lemma 3.2, giving upper and lower bounds on the change in
spectral radius from the deletion of edges. However, their result does not quite imply Lemma 3.2,
and we prove a slightly different statement.

1.3 Notation
All logarithms are base ¢ unless noted otherwise.
Electrical Flows. We use Reffy(;, ‘) to denote the effective resistance between two vertices in H,

viewing each edge of the graph as a unit resistor. See e.g. [DS84] or [Bol13, Chapter IX] for an
introduction to electrical flows and random walks on graphs.



Graphs. For a matrix M, we use Mg to denote the principal submatrix of M corresponding to the
indices in S. Consider a graph G = (V, E) and a subset H C V. Let P := AD™! be the transition matrix
of the simple random walk matrix on G, where A is the adjacency matrix and D is the diagonal
matrix of degrees. We will also use the normalized adjacency matrix A := D~1/2AD~1/2. Note that P
and A are similar, and that A is symmetric. Ps and A are submatrices of P and A; they are not the
transition matrices and normalized adjacency matrices of the induced subgraph on S. Note Ps and
Ag are also similar.

Perron Eigenvector. We use s to denote the £>-normalized eigenvector corresponding to A1(As),
which is a simple eigenvalue if S is connected. Note that for connected S, s is strictly positive by
the Perron-Frobenius theorem.

A simple graph refers to a graph without multiedges or self-loops. We assume A > 2 for all
connected regular graphs, since otherwise the graph is just an edge, so log A > 0.

2 Lower Bounds on the Perron Eigenvector

In this section we prove Theorem 1.4, which is a direct consequence of the following slightly more
refined result. In a graph G = (V, E), define the boundary of S as the set of vertices in S adjacent to
V\Sin G.

Theorem 2.1 (Large Perron Entry). Let G = (V, E) be a connected graph of maximum degree A and S € 'V
such that the induced subgraph on S is connected. Then there is a vertex u € S on the boundary of S such that

Ps()/s(t) > 1/(A2A1(As)ISP) @)
where t = arg maXyes Ps(w).

At a high level, the proof proceeds as follows. First, we show that there exists a vertex x € S
adjacent to the boundary of S such that a random walk started at x is somewhat likely to hit ¢ before
it hits the boundary of S. Second, we express the ratio of Dé/ ihs(x) and Dé/ 1hs(t) as a limit as k — oo
of the ratio PY%/ IPYf, where Y is the event that the simple random walk started at v remains in S
for k steps; we bound this ratio from below using the hitting time estimate from the first step. Third,
by the eigenvector equation the ratio of the entries of an eigenvector at two neighboring vertices is
bounded. Hence, x is adjacent to some vertex u on the boundary of S satisfying the theorem.

Proof. Write S = M U B, where B is the boundary of S and M = S\ B. If t € B then we are done,
so assume not. Let IP$(-) denote the law of the simple random walk (SRW) (X;)7* ) on G started at
Xo = x, and for any subset T C V, let 77 := {mini : X; € T} denote the hitting time of the SRW to
that subset; if T = {u} is a singleton we will simply write 7.

Step 1. We begin by showing that there is a vertex x € M adjacent to B for which the random walk
started at x is reasonably likely to hit ¢ before B. To do so, we use the well-known connection between
hitting probabilities in random walks and electrical flows. Define anew graph K = (V' = V\BU{s}, E’)
by contracting all vertices in B to a single vertexs. Let f : V/ — [0, 1] be the vector of voltages in
the electrical flow in K with boundary conditions f(s) = 0, f(t) = 1, regarding every edge as a unit



Figure 3: In Step 1 of the proof of Theorem 2.1, we lower bound the probability that a random walk
started at a certain vertex x adjacent to B reaches t before reaching B. We do this by contracting B
to a vertex s, then lower bounding the current from s to t, which establishes the existence of the
desired x. The left graph in the figure is G and the right graph is the contracted graph K, with the
dotted lines indicating edges leaving the set of interest S = M LI B.

resistor. By Ohm’s law, the current flow from s to t is equal to 1/Reffx(s,t). We have the crude
upper bound
Reffg(s, t) < distancek(s, t) < |9],

since S is connected, so the outflow of current from s is at least 1/|S|. By Kirchhoff’s current law,
there must be a flow of at least 1/(|S|degy(s)) on at least one edge (s, x) € E’. By Ohm’s law again,
for this particular x € V' we must have

[ B
SIdegy(s)  ISIldGBI — AlIS?’

fx) = 8)

where diB denotes the edge boundary of B in G. Appealing to e.g. [Bol13, Chapter IX, Theorem §],
this translates to the probabilistic bound

1

PS(1; < 18) = PX(1; < 75) = f(x) = ASP

©)
Finally, since f(s) = f(y) = 0 for every y € V' \ S, we must in fact have x € M.

Step 2. We now use (9) to show that s(x) is large. Because As = Dgl/ 2PSD;/ 2 the top eigenvector of
Ps is Dé/ 21,05 / ||Dé/ 21,115||. Let P’ : (P +1)/2 denote the lazy random walk? on G, and to ease notation let
P.(-) = IP;G(-) denote the law of the lazy random walk on G started at x. Note that the eigenvectors

of Ps, as well as IP(7; < 7g), do not change when passing to P’S.
For the lazy random walk, the Perron-Frobenius theorem implies that
(D gs)w) 1[P{fey
1/2 - kl—{?o 1Tp k|’
”DS l;Z}S” || sts ”

This modification is only to ensure non-bipartiteness; if S is not bipartite we may take the simple random walk



for every w € S, where 15 € RS is the all ones vector. We further have
r k ’
1LP e = Pl (Tins > k),

namely the probability a random walk of length k starting at w stays in S.
We are interested in the ratio

(Oys)x) _ Pi(rns > b
(DY?s)(t) k= Pilens > B
Fix an integer k > 0. The numerator of (10) is bounded as
P (ty\s > k) > Pi(ty\s > k|1 < 1) Pr(Tt < TB)
> ﬁﬂ’;(rv\s > k|1t < 18B) by (9)

1
> —
AlS|

k=1
Z P (ty\s > klts = 0,7 < 13)Py(1; = 0|74 < TB)
6=0

k-1
1 , /
- A|S2 let(TV\S >k — 0)P(t; = Olt; < 1p)
6=0
=
= AISP Z Pi(ty\s > k)P(1 = Olt¢ < TB).
6=0

Observe that E/ 75 < oo since G is connected. Thus,

k-1
P’ (1 = Olty < 1) = 1 — Pi(t¢ > k|t < 7B)
6=0
Py(ts > K
- Pi(t; < )

]EI
>1- J;{TB - AISP? by Markov and (9).

Combining this bound with (12), we have

, 1 IE;CTB 2 Y
lPx(TV\S > k) > m (1 - k - AlS| )]Pt(TV\S > k)

Taking the limit as k — oo in (10) yields

(D*s)(x) o1
(DY2yg)) ~ AISP




Step 3. Since x is adjacent to B, we can choose a u € B adjacent to x. The eigenvector equation and
nonnegativity of the Perron vector now imply AAq(As)ys(u) > s(x), whence

1
DY*s)() > ———————(D*ys) (). 13
Oy > o (O Ps)) (13)
Therefore, as D is a diagonal matrix, and the entries of D range from 1 to A, it must be the case
that

Ps(u) > Py Ps(t).

1
(As)Ad/2|SP2
O

Remark 2.2. As the proof shows, the right-hand side of (7) may be replaced with 1/A%211(As)|dgBIR
where B is the boundary of S in G and R is the maximum effective resistance between two vertices
inS.

Proof of Corollary 1.5. Given an irregular graph H, construct a A—regular graph G containing H as
an induced subgraph (it is trivial to do this if we allow G to be a multigraph). Repeating the above
proof on G with S = H and observing that D;/ ? is a multiple of the identity since G is regular, (13)
yields the desired conclusion. m]

3 Support of Closed Walks

In this section we prove Theorem 1.3, which is an immediate consequence of the following slightly
stronger result. Let W?** denote the event a simple random walk of length 2k has support at most s
and ends at its starting point.

Theorem 3.1 (Implies Theorem 1.3). If G is connected and of maximum degree A on n vertices, then for
every vertex x € Gand k <n/2,

1 k 1/5
2k,2
P, (W) for s< 1 (T) . (14)

P (W) < exp (— oz A

_k_
65A7s*

The proof requires a simple lemma lower bounding the increase in the Perron value of a
subgraph upon adding a vertex in terms of the Perron vector.

Lemma 3.2 (Perturbation of A;). Take the normalized adjacency matrix A := D-Y2AD~V2 of a graph
G = (V, E) of maximum degree A. For any S € V and vertex u € S, the submatrix which includes the subset
S = (S U {v}, E(S) U {(u, v)}), which adds a vertex v and the edge (u,v) to S, satisfies

M(Ag) > % (/\1(As) + \//\1(1‘15)2 + A‘2¢s(u)2)-

Proof. The largest eigenvalue of A is at least the quadratic form associated with the unit vectors

V1-a?ys(x) xeV
a

X=0

Ja(x) = {

10



for0 < a < 1. We have gLAg, = (1 — a®)A1(As) +d;,2d;, a1 = a2ys(u), where d,, is the degree of
u in G. This quantity is maximized when

3 M(As)
2 s As)? + 7 s (u)?

NI+~

at which

oA = (MAs) # s + a1 2.
O

Combining Lemma 3.2 and Theorem 2.1 yields a bound on the increase of the top eigenvalue of
the submatrix corresponding to an induced subgraph that may be achieved by adding vertices to it.

Lemma 3.3 (Support Extension). For any connected graph G = (V, E) of maximum degree A, consider its
normalized adjacency matrix A. For any connected subset S C V such that 2 < |S| = s < |V|/2, there is a
connected subset T C V containing S such that |T| = 2s and

) ) 5
MAr) > A (A (1 —)
A 2 Aa(As) (14

Proof. Define A1 := A (As) and note that A; > 1/A since S contains at least one edge. AsYgsisa
normalized vector with s entries, ¥5(t) > 1/ v/s. Therefore s(u) > 1/(A%?115%/?). Take v to be any
vertex in V'\ S that neighbors u in G. By Lemma 3.2,

M(Asupey) = % (/\1 + AT+ A—2¢5(u)2)
b G et
> A1+ M;W as Ps(u)?/A3 < A?
> A+ 6A1W since A1 < 1. (15)

Assuming that s < |V|/2, we can iterate this process s times, adding the vertices {vy,...vs}.
At each step we add the vertex v; and increase the Perron eigenvalue of Asyy,, . ,) by at least
1/(6A7(s + i — 1)°). Therefore, defining T = S U {vy,...vs}, we have

_ 1 © 1 5
MAD 2 M+ —= Y — > A+ —,
1An) 2 6A7;(s+i—1)5 T 128A7 s

where the last inequality follows from approximating the sum with the integral. As A; <1, this
translates to the desired multiplicative bound. m]

11



Proof of Theorem 3.1. We begin by showing (14). Let I'; be the set of connected subgraphs of G with
s vertices containing x. Choose S to be the maximizer of e?/iékex among S € I, and let T € T be
the extension of S guaranteed by Lemma 3.3 to satisfy

M) 2 (1 )ds)

2
128A7s4
Pék has the same diagonal entries as A%, so

2k, T A2k
]PX(W S) S Z exAS/EX/
S’els

since each walk of length 2k satisfying W2 is contained in at least one S’ € T,. Furthermore,
TS| < A% since each subgraph of I, may be encoded by one of its spanning trees, which may in
turn be encoded by a closed walk rooted at x traversing the edges of the tree. We then have
Pr(WH*) < [[3lex AGes
< AZS/M(AS)Zk
_S
128A7s%

We will bound the right hand side in terms of P,(W2+2).
We claim that for every z € T,

-2k
< A% (1 + ) Ai(Apy. (16)

T 72k —4s T 72k—4s
e AT er 2 A e, AT Ve, (17)

To see this, let ™ be a path in T of length ¢ < 2s between x and z, which must exist since T is
connected and has size 2s. Then every closed walk of length 2k —2¢ in T rooted at z may be extended
to a walk of length 2k in T rooted at x by attaching 7 and its reverse. Performing the walk of 7 twice
occurs with probability at least A=2‘. Since all of the walks produced this way are distinct, we have

T j2k -20,T 52k-2€
ey AT er 2 A, AT Ve,

By the same argument eZTAZTk'yeZ > A~45+2eT A245¢,, and inequality (17) follows.

T

Choose z € T to be the maximizer of e; A%k““ez, for which we have:

B 1 Aa (A )24
el AZ45e, > % Te(PX) > %

Combining this with (17) and substituting in (16), we obtain

2k
PL(W%) < ASS . 2 ) M(Ap)sel A2,

(1+ s
128A7s*

-2k
< A6S . 2s (1 + ) /\1 (AT)4SH)X(W2k’ZS).

128A7s*
Applying the inequality ¢*/> < 1+ x for 0 < x < 1 and the bound A;(Ar) < 1, we obtain

5k

2k,
P, (W) < exp (65 log A + log(2s) — N

) ]PX(WZk'ZS), (18)

12



which implies

P (W) < exp (— )]PX(WZ"'ZS)

_k
65A7s4

whenever

.. 1k 1/5
T 4\Alog(n))

establishing (14).

4 Bound on Eigenvalue Multiplicity

In this section we prove Theorem 1.2, restated below in slightly more detail.

Theorem 4.1 (Detailed Theorem 1.2). Let G be a maximum degree A connected graph on n vertices. If®

A <log'” n/loglogn then the spectrum of the normalized adjacency matrix A satisfies
loglog, n A75(10g?”® A) loglog n
me ([(1 - ZEEAT)),, Az]) = O[n e} (19)
ogan log'”n

Proof. For now, assume that |A,,(P)| < |A2(P)|. Let IP(-) denote the law of an SRW y of length 2k on G,
started at a vertex chosen uniformly at random (i.e., not from the stationary measure of the SRW).
Let W2 := W2k denote the event that y returns to its starting vertex after 2k steps. In an abuse of
notation, let W2=5+1 .= W2F\ W2k be the event that a walk of length 2k is closed and has support at
least s + 1.

Setk := 1log, n and c := 2logk and let s be a parameter satisfying

P(W=) < e IP(W?) (20)

to be chosen later. Delete cn/s vertices from G uniformly at random and call the resulting graph H.
If y has support at least s + 1, then the probability that none of the vertices of y are deleted is at

most .
s\s _ _
(1——) <e‘

n

EyP(y C Hly € W25ty < o7,

Thus,

where [Ep is the expectation over H. It then follows by the probabilistic method that there exists a
deletion such that the resulting subgraph H of G satisfies

H)(ka,Zs+1 N {y - H}) < E_CH)(WZk'ZS+1).

3If A > log"” n/ loglog 1 then (1) is vacuously true.

13



Write A, := A2(Ag) and let m’ be the number of eigenvalues of H in the interval [(1 — €)Ay, A2]
for € := c¢/2log, (n). Since 2k is even,
m'(1 - e)* A2 < Tr(A%)
=nP(W* N {y c H})
= n(P(W?* n {y c H})) + PW*=*1 0 {y c H}))
< n(P(W?*) + e“P(WH>5*1)) by our choice of H
< (e P(WH) + e P(WH>5+1)) by (20)
< 2e7° Tr(A%)

< 2e7°(nA3 +1).

We may assume that the diameter of G is at least 10 as otherwise A > 1n!/19, making the theorem
statement vacuous. Because of the diameter, we can take four edges (u1,v1), (a1, b), (12, v2), (a2, b2)

such that the distance between each pair of edges is at least 2. Then consider the vectors ¢1, ¢, such
that fori € {1,2}

1 xefu,v
Pi(x) =12 -1 x€{a;by
0 otherwise

Choose real numbers a and f such that at least one is nonzero. We have

(a1 + Bpo) 'D12AD 2agn + fpo) 3@ +BY)
>4 >

(agpr + Bp2) (ay + Bo2) (@® + %)
Therefore by Courant Fisher

1
A

. (a1 + Pp2) ' DTVEAD 2 (apy + Bp2) 1
Az > min > —.
ap (a1 + )T (a1 + Bp2) A

By our choice of k, this means n/lgk > 1. Moreover,

2loglogn < log Aloglogn
2log,n — logn

<1/2,

based on our assumptions on A. Thus, 1 — € > ¢"1**. Combining these facts,

m’)\gk < 4e3k€‘cn)\%k,

yielding

m' < 4ne’ke ¢ < 4pe~¢/? = O " .
log, n

As we created H by deleting cn/s vertices, it follows by Cauchy interlacing that the number of
eigenvalues of A in [(1 — €)1z, A2] is at most

%+O( z )
s log, n

14




We now show that taking

. 1 k 1/5
T4 A”log A

satisfies (20). Applying Theorem 3.1 equation (14) to each x € G and summing, we have

IP(W2s) k
———— <eXp|l—-——77
IP(W2F) 65A7s

lognlog”® A
<exp [—Q [T

< exp(—c) = exp(-O(loglog, n)),
satisfying (20) for sufficiently large 7, and we conclude that

loglog, n
o 11 - 25 B

A7/5 logz/5 Aloglog n]

logl/5 n

))\2, )\2]) =0 [7’1

oga N

as desired.

If [A4] > |A2], we can do a lazy walk with probability of moving p = 3, therefore making all
eigenvalues nonnegative. This is equivalent to doubling the degree of every vertex by adding loops.
This is the equivalent of taking the simple random walk on a graph with maximum degree 2A,

k

1/5
logA A) , yielding the same asymptotics. O

requiring s < ﬁ (

5 Examples

In this section, we consider examples demonstrating some of the points raised in the introduction
regarding the tightness of our results. As most of our results in this section are combinatorial rather
than probabilistic, we will consider multiplicity in the non-normalized adjacency matrix A. For
regular graphs, this is equivalent.

5.1 Bipartite Ramanujan Graphs

We show that bipartite Ramanujan graphs (see [LPS88]; known to exist for every d > 3 by [MSS15])
have high multiplicity near A,. This means that the bound of n/ log®(1) n of Theorem 1.2 is tight.

Theorem 5.1 (Friedman [Fri91] Corollary 3.6). Let G be a d-regqular graph on n vertices. Then
A2(Ag) = 2Vd - 1(1 - O(1/ log? n)).

Lemma 5.2 (McKay [McK81] Lemma 3). The number of closed walks on the infinite d-regular tree of
length 2k starting at a fixed vertex is © (4k(,g721)k )

Proposition 5.3. There exists a constant « > 0 such that for fixed d, every bipartite d-reqular bipartite
Ramanujan graph G on n vertices satisfies

loglog(n)

mg ([/\2(1 - log(n)

), )\2]) = Q(n/ log®?(n)).

15



Proof. By Theorem 5.1,
11— loglog(n) <ovicili 1 loglog(n) ,
log(n) 2 log(n)

for sufficiently large n. Let k = flogn for some constant f to be set later and suppose that there

are m eigenvalues of Ag in the interval [2 Vd — 1 (1 - %aloig)(i()n)) , A2]. Recall that the spectrum of a

bipartite graph is symmetric around 0. From Lemma 5.2 it follows that for some constant C,

45d - 1)
Cn( o7 ) Z)\(AG)Zk

< 2d% + (n - 2m) (2 Vd - (1 _1 M)) +2mQ2Vd - 1)*.
log(n)

If we let g be sufficiently small and o > 25, rearranging yields

dd-1F d2k -1 1, loglog(n) 2k
m_ C—nm (2 ( ~ 2% log(n) ))
n - 1 _loglog(n) 2k
2(2\/d—1)2k-(1—( Lo 'oElost) )
1 _loglog(n) 2k
_ g 12 (1- 30 %0")
B k3/2

- 1 loglog(n) )2
1-(1- 30 R)

1 1
(kBT h eaploglog(n) )

()

[ORN®)

5.2 Mangrove Tree

This section shows that the dependence on [V] in Corollary 1.5 is tight up to polylogarithmic factors.
Our example begins with a path of multiedges containing n vertices, where each multiedge of
the path is composed of d/2 edges for some even d. At both ends of the path, we attach a tree of
depth log,_, . The roots have degree d/2 and all other vertices (besides the leaves) have degree d.
Therefore the only vertices in the graph that are not degree d are the leaves of the two trees. Call
this graph Q. An example of this graph is shown in Figure 2.

Proposition 5.4. For every vertex u of degree less than d, o(u) = O(n=>/2), where O suppresses dependence
on logarithmic factors and d.

Therefore, we cannot hope to do significantly better than our analysis in Lemma 3.3, in which
we find a vertex u of non-maximal degree with (1) > 1/(dA1n5/?).

Proof. For simplicity, call A1(Ag) = A1 and ¢g = 1. By the symmetry of the graph, the value of i at
vertices in the tree is determined by the distance from the root. Call the entries of i corresponding
to the tree rg, 71, ..., ¢, where the index indicates the distance from the root.

16



By the discussion in the proof of Kahale [Kah95] Lemma 3.3, if we define
M M 3
2Vd-1 4d-1)

then for 0 < i < £, entries of the eigenvector must satisfy

0 := log 1],

ri _ sinh((€+1-1)0)(d - 1)7i/2
n sinh((Z + 1)0)

where ¢ is the depth of the tree.
Therefore, r¢/1g = %. Examining the various terms, sinh(0) < d and (d — 1)7/2 = L\/_

n
To bound the third term, we use the definition sinh(x) = (¢* — e™)/2, which yields
log,_, n+1

L-o()| M Mo

2 2\/d—1+ 4d-1)

A1 is at least the spectral radius of the path of length 1 with d/2 multiedges between vertices. This
spectral radius is d cos(rt/(n + 1)). This gives

sinh((£ + 1)0) >

72

1 —04(1) -~ \/2 I
d(1 2n2)+ d%(1 2n2) 4d + 4

>
- 2(2 \/H)logd_l n+1 (

log,;_, n+1
Sall 8, (d +d — 2)°81 71 (1 - o( d )) .

log, ; n+1
sinh((€ + 1)0) ]

2(2 Vd = 1)lo8i1 1+ v
1= 0u) 0tttog, i) iy » V1

B 2 3

for large enough n. Therefore

re _ sinh(6)(d — 1)/ L3
ro  sinh((+1)0) ~ n’

At this point, we know the ratio between r, and g, but still need to bound the overall mass of
the eigenvector on the tree. A “regular partition” is a partition of vertices V = |_|i-(:0 X where the
number of neighbors a vertex u € X; has in X; does not depend on u. We can create a quotient matrix,
where entry i, j corresponds to the number of neighbors a vertex u € X; has in X;. For an overview
of quotient matrices and their utility, see Godsil, [God93, Chapter 5]. In our partition, every vertex
in the path is placed in a set by itself. The vertices of each of the two trees are partitioned into sets
according to their distance from the two roots. Call the matrix according to this partition Bg. We
denote by Bo(X;, X;) the entry in By corresponding to edges from a vertex in X; to X;.

Define X, ... X, as the sets corresponding to vertices in the first tree of distance 0, ..., ¢ from
the root. For 1 < j < ¢ -1, Bo(Xo, X1) = d/2. Bo(Xj, Xj41) = d — 1. Moreover, for 0 < j< (-1,
Bo(Xj41, X;) = 1. All values between vertices in the path are unchanged at d/2.

Consider the diagonal matrix D with D;; := [X;[~}/2. D7'BuD is a symmetric matrix. Define
C := D™'BgD We now have C(Xj41, X)) = C(Xj, Xjs1) = Vd—1for1 < j<£-1,and C(Xo, X1) =
C(X1/X0) = \/m

(21)

17



If a vector ¢ is an eigenvector of C, then D¢ is an eigenvector of Bo with the same eigenvalue.
By the definition of D this means

cX)? = ) Pag?. (22)

ueX;

Define Cx,, as the submatrix of C corresponding the the sets {Xy,..., X}, then extended
with zeros to have the same size as C. Every entry of C + %CXW is less than or equal

to the corresponding entry of the adjacency matrix of a path of length n + 2log,;_, n with d/2
edges between pairs of vertices. Also, ic is a nonnegative vector. Therefore the quadratic form

1/)2((3 + %CX&[)IPC is at most the spectral radius of this path. Namely

d/2 - Vd
Vd -1

Because C contains the path of length 7, l,bgCI,bc > d cos(mt/(n + 1)). Putting these together yields

YiCyc + IPCCXO[I,DC < dcos(n/(n+2log, ,n+1)).

_ Vi-1 2
i d-1 d(cos(rt/(n +2log,_; n+1)) —cos(r/(n+1))) < d/;i -1 3m ilc;gdn

(23)
Define ¢c(Xi.¢) as the projection of c on {Xj, ... X¢}. Cpc(X1.r) = Cx,, Pc(Xi:), 5O

YeCxy e <

VeCxoo e = Mllpe(Xao)IP > d(cos(rt/(n + D)pc (Xl (24)

Combining (23) and (24) yields

Vid—1 3n2log,; n 21m%log ;1
Wpe(Xpol? < 84/ cos(rm +1) < | 24"
d/2 - Vd-1 n’ n3

assuming d > 4 and n is sufficiently large.
Using (22) and the eigenvalue equation, we obtain

5n logl/2

Po(ro) = Yc(Xo) < M(Ac)lpc Xl < d- —375

Therefore, according to (21)
1542ni(log’/ n)

re <
¢ 11512

6 Open Problems

We conclude with some promising directions for further research.
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Beyond the Trace Method: Polynomial Multiplicity Bounds

There is a large gap between our upper bound of O(1/ log!/® 1) on the multiplicity of the second
eigenvalue and the lower bound of n'/3 mentioned after Theorem 1.1. It is very natural to ask,
whether the bound of this paper may be improved. To improve the bound beyond O(n/polylog(n)),
however, it appears that a very different approach is needed.

Open Problem 1 (Similar to Question 6.3 of [J[TY"19]). Letd > 1 be fixed integer. Does there exist
an ¢ > 0 such that for every connected d-regular graph G on n vertices, the multiplicity of the
second largest eigenvalue of Ag is O(n!~¢)?

In the present paper, we rely on the trace method to bound eigenvalue multiplicity through
closed walks. There are three drawbacks to this approach that stops a bound on the second
eigenvalue multiplicity below n/polylog(n). First, considering walks of length w(log(1)) makes the
top eigenvalue dominate the trace, leaving no information behind. Second, considering the trace
Tr A’é for k = O(log(n)) it is impossible to distinguish eigenvalues that differ by O(1/log(n)). Third,
as covered in Section 5.1, there exist graphs such that there are ()(n/polylog(n)) eigenvalues in a
range of that size around the second eigenvalue. Thus, the trace method reaches a natural barrier at

n/polylog(n)).

Eigenvalue Multiplicity for Unnormalized Non-Regular Graphs

Another natural question is whether Theorem 1.2 may be extended to hold for the (non-normalized)
adjacency matrix of non-regular graphs.

Open Problem 2. Let A > 1 be a fixed integer. Does it hold for every connected graph G on
n vertices of maximum degree A that the multiplicity of the second largest eigenvalue of Ag is

o(n/loglog(n))?

In order to handle unnormalized irregular graphs via the approach in this paper, the key
ingredient needed would be an “unnormalized” analogue of Theorem 1.3, showing that a uniformly
random closed walk (from the set of all closed walks) in an irregular graph must have large support.
We exhibit in Appendix B an irregular “lollipop” graph for which the typical support of a closed
walk from a specific vertex is only O(polylog(k)). It remains plausible that when starting from a
random vertex, a randomly selected closed walk has poly(k) support in irregular graphs.

Sharper Bounds for Closed Random Walks

We have no reason to believe that the exponent of 1/5 appearing in Theorem 1.3 is sharp. In fact,
we know of no example where where the answer is o(k'/?). An improvement over Theorem 1.3
would immediately yield an improvement of Theorem 1.2.

Open Problem 3. Let d > 1 be a fixed integer. Does there exist an a > 1/5 such that for every
connected d-regular graph G on n vertices and every vertex x of G, a random closed walk of length
2k < n rooted at x has support (k%) in expectation? Is a = 1/2 true? Does such a bound hold for
SRW in general?
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A Proofs for high degree regular graphs

Theorem A.1 (Detailed Theorem 1.8). If G is d-regular, has exactly h self-loops at every vertex, and no
multi-edges®, then

P, (W) < exp (—

k
100s3 8 \logd

1/4
)Il’x(WZk’2S) for s< min{1 ( K ) , %} (25)
Proof. We show this via a small modification of the proof of Theorem 3.1. Assume s < (d —h)/2. The
key observation is that each vertex has at least d — h edges in G to other vertices, so in a subgraph of
size at most 2s — 1 every vertex has at least one edge in G leaving the subgraph. In this case, we can
simply choose u € S as u := arg maXyes Ps(w) in Lemma 3.3. Therefore, considering the adjacency
matrix, (15) can be improved to

1 ps(u)® 1
AM(A 2—(/\+ A2 + u2)2/\ +t 2 A+ —.
1(Asuo}) 5 M VAT Ps(u) 1 612 1 61%s

Therefore, after adding s vertices to S according to the process of Lemma 3.3, we find a set
T € I'” satisfying

1 v 1 log2 1
Al(AT)2A1+—Z 2/\1+6—A%2)\1[1+ ]

2 | — 3
6A7 et s+i—1 107y

Using this improved bound, and keeping in mind that A;(Ar) < 2s, we can replicate the
argument above to get to the following improvement over (18):

P, (W) < exp (25 logd + 4slog(2s) + log(2s) — L) P, (W22,

80s3
This implies
P (WZk,s < 7slood — L P (WZk,ZS) < _ k P (WZk,Zs)
(W) < exp|7slogd = 555 ) s =P T100s3 )T
whenever
1 k \"
s< = ,
8 (logd )

establishing (25). O

Theorem A.2 (Detailed Theorem 1.7). If G is simple and d-reqular, then

([(1 log logdn))\ A ]) Of(n- W) when dlog'?d < alog'/*n 26
mg - MMl = log'/? dloglogn
log, n O (n .28 _TO80B1 10g12‘gn0g ) when dlog'?d > alog'/*n

for all® d < exp(~flog n), where a := 3/4.

“This technical assumption is used to handle the case when |A,(A¢)| > A2(Ag) in Theorem A.2. Here we take 1 = 0.
SIf d > exp(+/log ) then (26) is vacuously true.
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Proof. The proof is the same as the proof of Theorem 1.2 in Section 4, except we choose different s.

1. Ifdlog'?d < alog"* n set
§ := min 1k " d—hi_d
o 8llogd] 7~ 2 [ 2

with i = 0. Applying Theorem A.1 it is easily checked that (20) is satisfied for large enough 7,
yielding a bound of

loglog,n

logdloglogn
mc([(l 8 M)

1/2

2. If G is simple, d-regular and dlog'/*d > alog'/* n, set

oo mind L( k) d=r] 1 (logn )
o 8llogd) = 2 [ 8 log®d

with i = 0. Then (20) is again satisfied by applying Theorem 3.1 equation (25), and we
conclude that

loglog,n

log!?dloglogn
’ 14,

mg ([(1 A2, )\2]) = O[n

log,n log

B Lollipop

Here, we show that if we do not assume that our graph is regular, the average support of a uniformly
chosen (from the set of all such walks) closed walk of length k from a fixed vertex is no longer
necessarily k®() (as opposed to the average support of a random walk) . We take the lollipop
graph, which consists of a clique of (d + 1) vertices for fixed d > 3 and a path of length n {uy, ..., u,}
attached to a vertex v of the clique, where n > k. Here 1 := ¢/(A) and A; := A1(A) are the Perron
eigenvector and eigenvalue of the adjacency matrix of the graph.

Lemma B.1. y(v) > 1/ Vd + 2.

Proof. By symmetry, the value on all entries of the clique besides v are the same. Call this value
(D). Then by the eigenvalue equation we have A9 (b) = P(v) + (d — 1)¢(b), so as Ay > d, it must be
that 1(v) > Y(b).

Similarly, to satisfy the eigenvalue equation, vertices on the path must satisfy the recursive

relation
M) = P(ui-1) + P(uip) 1<i<n-1
A1¢(”n) = I;b(un—l)

where we define v = 1. To satisfy this equation, we must have 1(1;) > (A1 — 1){(u;41) for each i, so
as A1 >d >3, ¢(v) > YL, ¥(uy). As the Perron vector is nonnegative, 1(0)? > Y, ¢ (u)?, and
n
@+ 2@ 2 P +dpb) + ) P =1,
i=1
so (v) > 1/ Vd + 2. O
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Call y2* the number of closed walks of length 2k, and yik’yﬂ”l as the subset of these walks with

support at least £ +d + 1.
Proposition B.2. For £ > 2log(k)/log(A1/2),

yik,2{7+d+l | — O(k—2)|y22]k|

Proof. For a closed walk to have support ¢ + d + 1, it must contain u#,. For such walks, once the
path is entered, at least 2¢ steps must be spent in the path, as the walk must reach 1, and return.
Therefore, closed walks starting at v that reach 1, can be categorized as follows. First, there is a
closed walk from v to v. Then there is a closed walk from v to v going down the path containing
u¢. On this excursion, the walk can only go forward or backwards, and it spends at least 2¢ steps
within the path. For each of these steps, there are 2 options. If we remain in the path after 2¢ steps,
upper bound the number of choices until returning to v by A; at each step. After returning to v, the
remaining steps form another closed walk. The number of closed walks from v of length i is at most
)\"1. Therefore the number of closed walks with an excursion to u, is at most

2k
Z Ai 92l /\%k—zf—i = (2k+1) /\%k—ZZZZZ.
i=0
The total number of closed walks starting at v is at least tp(v)z/\T. Therefore the fraction of closed
walks that have support at least £ is at most

(2k +12%AT72 (4 4 2) 2k +1)2%

)\%k /(d+2) A%f
so for ¢ > 2(logk)/log(A1/2), this is O(k~2).

O

Remark B.3. Instead of adding a path, we can add a tree (as exhibited in Figure 1). According to
the same analysis, the probability a walk reaches depth further than ®(log k) is small. Therefore, in
Theorem 1.3 we can not get a sufficient bound on support from passing to depth, but must deal
with support itself.
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Abstract

We present a dynamic algorithm for maintaining the connected and 2-edge-connected com-
ponents in an undirected graph subject to edge deletions. The algorithm is Monte-Carlo ran-
domized and processes any sequence of edge deletions in O(m + n poly logn) total time. Inter-
spersed with the deletions, it can answer queries to whether any two given vertices currently
belong to the same (2-edge-)connected component in constant time. Our result is based on a
general Monte-Carlo randomized reduction from decremental c-edge-connectivity to a variant
of fully-dynamic c-edge-connectivity on a sparse graph.

For non-sparse graphs with ©(n polylogn) edges, our connectivity and 2-edge-connectivity
algorithms handle all deletions in optimal linear total time, using existing algorithms for the
respective fully-dynamic problems. This improves upon an O(m log(n?/m) + n poly log n)-time
algorithm of Thorup [J.Alg. 1999], which runs in linear time only for graphs with Q(n?) edges.

Our constant amortized cost for edge deletions in decremental connectivity in non-sparse
graphs should be contrasted with an Q(logn/loglogn) worst-case time lower bound in the
decremental setting [Alstrup et al. FOCS’98] as well as an (logn) amortized time lower-bound
in the fully-dynamic setting [Patrascu and Demaine STOC’04].



1 Introduction

In this paper, we present Monte Carlo randomized decremental dynamic algorithms for maintaining
the connected and 2-edge-connected components in an undirected graph subject to edge deletions.
Starting from a graph with n nodes and m edges, the algorithm can process any sequence of edge
deletions in O(m + npolylogn) total time while answering queries whether a pair of vertices is
currently in the same (2-edge-)connected component. Each query is answered in constant time.
The algorithm for decremental 2-edge-connectivity additionally reports all bridges as they appear.

For some concrete constant o < 7, our decremental algorithms thus use O(m) total time on the
edge deletions from a graph with m > nlog® n edges, and we will refer to such graphs as non-sparse.
If we delete all the edges, we support edge deletions in constant amortized time. As we shall discuss
in Section 1.1, it is not possible to obtain a constant worst-case time bound for individual edge
deletions in this decremental setting, nor is it possible to obtain a constant amortized time bound
for edge updates in the fully-dynamic version of the connectivity problem.

Our algorithms are Monte Carlo randomized and answer all queries correctly with high proba-
bility!. We note that since the correct answer to each query is uniquely determined from the input,
the algorithms work against adaptive adversaries, that is, each deleted edge may depend on previous
answers to queries.

Furthermore, our algorithms offer a self-check capability. At the end, after all updates and
queries have been processed online, each algorithm can deterministically check if it might have
made a mistake. If the self-check passes, it is guaranteed that no incorrect answer was given.
Otherwise, the algorithm may have made a mistake. However, as we show in the following, the self-
check passes with high probability. This feature implies that we can obtain Las Vegas algorithms for
certain non-dynamic problems whose solutions employ decremental (2-edge-)connectivity algorithms
as subroutines: we simply repeat trying to solve the static problem from scratch, each time with
new random bits, until the final self-check is passed. With high probability, we are done already
after the first round. A nice concrete example is the algorithm of Gabow et al. [15] for the static
problem of deciding if a graph has a unique perfect matching. The algorithm uses a decremental 2-
edge-connectivity algorithm as a subroutine. With our decremental 2-edge-connectivity algorithm,
repeating until the self-check is passed, we obtain a Las Vegas algorithm for the unique perfect
matching problem that is always correct, and which terminates in O(m + npolylogn) time with
high probability.

The tradition of looking for linear time algorithms for non-sparse graphs goes back at least
to Fibonacci heaps, which can be used for solving single source shortest paths in O(m + nlogn)
time [14]. Our results show that another fundamental graph problem can be solved in linear time
in the non-sparse case.

The previous best time bounds for the decremental connectivity and 2-edge-connectivity prob-
lems were provided by Thorup [36]. His algorithms run in O(m log(n?/m) +npolylogn) total time.
This is O(m) only for dense graphs with Q(n?) edges. It should be noted that [36] used Las Vegas
randomization, that is, correctness was guaranteed, but the running time bound only held with high
probability. Our algorithms are Monte Carlo randomized, but offer the final self-check. Another
difference is that our new algorithms need only a polylogarithmic number of random bits, whereas
the ones from [36] used ©(m) random bits.

Both our algorithm and the previous one by Thorup are based on a general reduction from
decremental c-edge-connectivity to fully-dynamic c-edge-connectivity on a sparse graph with O(cn)
updates. The reductions have a polylogarithmic cost per node as well as a cost per original edge.

!We define high probability as probability 1 — O(n~7) for any given ~.



Our contribution is to reduce the edge cost from O(log(n?/m)) to the optimal O(1). The general
reduction and its consequences will be discussed in Section 1.2.
We will now give a more detailed discussion of our results in the context of related work.

1.1 Connectivity

Dynamic connectivity is the most fundamental dynamic graph problem. The fully dynamic version
has been extensively studied [8, 9, 12, 20, 21, 24, 26, 29, 32, 33, 34, 37, 40, 41| from both the lower and
upper bound perspective, even though close to optimal amortized update bounds have been known
since the 90s [20, 21, 37|. Currently, the best known amortized update time bounds are (expected)
O(logn - (loglogn)?) using randomization [24] and O(log? n/loglogn) deterministically [41]. Both
these results have optimal (wrt. to the lower bounds) query time.

Connectivity Lower Bounds Our result implies that decremental connectivity is provably easier
than fully-dynamic connectivity for a wide range of graph densities. Specifically, let ¢, be the
update time of a fully dynamic connectivity algorithm and let ¢, be its query time. Pétragscu and
Demaine [33] showed a lower bound of 2(logn) on max(t,, t4) in the cell-probe model. Pétragcu and
Thorup [34] also showed that t,, = o(logn) implies t, = Q(n'~°M). These lower bounds hold for all
graph densities and allow for both amortization and randomization. As a result, no fully-dynamic
connectivity algorithm can answer connectivity queries in constant time and have an amortized
update time of o(logn).

In sharp contrast, assuming that m = Q(n poly log n) edges are deleted, our algorithm shows that
one can solve decremental connectivity handling both queries and updates in constant amortized
time.

We note that such a result is possible only because we allow for amortization, as any decremental
connectivity algorithm with worst-case update time O(polylogn) must have worst-case query time

Q (bg’fgogn) [3]. This lower bound holds even for trees supporting restricted connectivity queries
of the form "are u and v connected?" for a fixed “root” u. This lower bound also holds for dense
graphs, as we can always add a large static clique to the problem.

An optimal incremental connectivity algorithm has been known for over 40 years. Namely, to
handle m > n edge insertion and ¢ connectivity queries, one can use the union-find data struc-
ture [35] with n — 1 unions and 2(m + ¢) finds. The total running time is ©((m + q)a((m + q),n)),
which is linear for all but very sparse graphs (since a(Q2(nlogn),n) = O(1)). It was later shown
that this running time is optimal for incremental connectivity [13].

Similarly to the decremental case, one cannot hope to obtain an analogous result with a worst-

case update time in the incremental setting: P#tragcu and Thorup [34]| showed that any incremental
logn
loglogn

connectivity data structure with o ( ) worst-case update time must have worst-case Q(n!=°(1)

query time in the cell-probe model.

Other cases of optimal decremental connectivity There is much previous work on cases
where decremental connectivity can be supported in O(m) total time. Alstrup et al. [4] showed that
decremental connectivity can be solved in optimal O(m) total time on forests, answering queries
in O(1) time. This was later extended to other classes of sparse graphs: planar graphs [30], and
minor-free graphs [22]. All these special graph classes are sparse with m = O(n) edges.

For general graphs, we only have the previously mentioned work by Thorup [36], yielding a total
running time of O(m) for very dense graphs with m = Q(n?) edges. We now obtain the same linear
time bound for all non-sparse graphs with m = Q(npoly logn) edges.



1.2 General reduction for c-edge-connectivity

Our algorithm for decremental connectivity is based on a general randomized reduction from decre-
mental c-edge-connectivity (assuming all m edges are deleted) to fully-dynamic c-edge-connectivity
on a sparse graph with O(cn) updates. The reduction has a polylogarithmic cost per node as well
as a constant cost per edge. The previous decremental connectivity algorithm of Thorup [36] was
also based on such a general reduction, but the cost per edge was O(log(n?/m)) which is O(1) only
for very dense graphs with m = Q(n?). Below we will describe the format of the reductions in more
detail.

Because there are different notions of c-edge-connectivity, we first need to clarify our definitions.
We say that two vertices u, v are c-edge-connected iff there exist ¢ edge-disjoint paths between u and
v in G. It is known that c-edge-connectivity is an equivalence relation; we call its classes the c-edge-
connected classes. However, for ¢ > 3, a c-edge-connected class may induce a subgraph of G which
is not connected, so it also makes sense to consider c-edge-connected components, i.e., the maximal
c-edge-connected induced subgraphs of G.? It is important to note that the c-edge-connected com-
ponents and the c-edge-connected classes are uniquely defined and both induce a natural partition
of the vertices of the underlying graph. Moreover, each c-edge-connected component of G is a subset
of some c-edge-connected class of G. For ¢ = 1, 2, the c-edge-connected classes are c-edge-connected,
so the two notions coincide. To illustrate the difference, let us fix ¢ > 3 and consider a graph with
¢ + 2 vertices vs, vy, v1, ..., v, and edges {vs, v¢} x {v1,...,v.}; while all c-edge-connected compo-
nents in this graph are singletons, there is one c-edge-connected class, which is not a singleton,
namely {vg, vy}

We define a c-certificate of G to be a subgraph H of G that contains all edges not in c-edge-
connected components, and a c-edge-connected subgraph of each c-edge-connected component. Both
Thorup’s and our reduction maintains a c-certificate H of G. Then, for any ¢ < ¢, we have that
the ¢’-edge-connected equivalence classes and the ¢’-edge-connected components are the same in G
and H. As the edges from G are deleted, we maintain a c-certificate with 5(cn) edges undergoing
only 5(cn) edge insertions and deletions in total.

The uniquely defined c-edge-connected components of a graph may be found by repeatedly
removing cuts of size at most ¢ — 1. For the reductions, we need algorithms that can help us in this
process. We therefore define the fully dynamic c-edge-cut problem as follows. Suppose a graph G is
subject to edge insertions and/or deletions. Then, a fully dynamic c-edge-cut data structure should
maintain any edge e that belongs to some cut of size less than ¢. A typical application of such a data
structure is to repeatedly remove such edges e belonging to cuts of size less than ¢, which splits G
into its c-edge-connected components. For each ¢ > 1, denote by T.(n) the amortized time needed
by the data structure to find an edge belonging to a cut of size less than c¢. For example, for ¢ =1
we have T7(n) = O(1) since we do not have to maintain anything. For ¢ = 2, the data structure is
required to maintain some bridge of G and it is known that T5(n) = O((logn - loglogn)?) [23]. For
¢ >3, in turn, we have T.(n) = O(n'/? poly (c)) [38].

Given a fully dynamic c-edge-cut data structure, whose update time for a graph on n nodes
is T,(n), Thorup’s [36] reduction maintains, in O(mlog(n2/m)) + O(c - n - To(n)) total time, a
c-certificate H of the decremental graph G starting with n nodes and m edges. The certificate
undergoes only 6(071) edge insertions and deletions throughout any sequence of deletions issued
to G. We reduce here the total time to O(m) + O(c - n - Tu(n)).

Combining our reduction with the polylogarithmic fully-dynamic connectivity and

2There is no consensus in the literature on the terminology relating to c-edge-connected components and classes.
Some authors (e.g., [16, 17]) reserve the term c-edge-connected components for what we in this paper call c-edge-
connected classes.



2-edge-connectivity algorithm of Holm et al. [21], we can now solve decremental connectivity and
2-edge-connectivity in O(m) + O(n) time.

We can also apply the fully dynamic min-cut algorithm of Thorup [38] which identifies cuts
of size n°M) in n/2+to() worst-case time. For ¢ = no(l), we then maintain a c-certificate H in
O(m + n®/?2t°(M) total time. This includes telling which vertices are in the same c-edge-connected
component. If we further want to answer queries about c-edge-connectivity between pairs of nodes,
we can apply the fully-dynamic data structure of Jin and Sun [25] to the c-certificate H. By
definition, the answers to these queries are the same in H and G, and the algorithm takes n°®)
time per update or query. Hence the total time for the updates remains O(m + n?/2T°(1)), and we
can tell if two vertices are c-edge-connected in n°™) time.

1.2.1 Results

We will now give a more precise description of our reduction, including the log-factors hidden in
the O(cn) bound. Let the decremental c-certificate problem be that of maintaining a c-certificate
of G when G is subject to edge deletions. Recall that T.(n) denotes the amortized update time of
a fully-dynamic c-edge-cut data structure. Thorup [36] showed the following.

Theorem 1.1 (Thorup [36]). There exists a Las Vegas randomized algorithm for the decremental
c-certificate problem with expected total update time O(mlog (n?/m)~+n(c+logn)-T.(n)log?n). The
maintained certificate undergoes O(n - (c+1logn)) expected edge insertions and deletions throughout,
assuming ©(m) random bits are provided. These bounds similarly hold with high probability.

In particular the total update time is O(m) for very dense graphs with Q(n?) vertices. Our
main result, which we state below, shows that an amortized constant update time can be obtained
as long as the initial graph has Q(n polylog(n)) edges.

Theorem 1.2. There exists a Monte Carlo randomized algorithm for the decremental c-certificate
problem with total update time O(m~+n(c+logn)-Te(n)log n+nclog” n). The maintained certificate
undergoes O(nclog? n) edge insertions and deletions throughout. The algorithm is correct with high
probability. Within this time bound, the algorithm offers a final self-check after processing all updates.

In fact, our algorithm is itself a reduction to O(logn) instances of the decremental c-certificate
problem on a subgraph of G with O(m/log?n) edges. To handle these instances, we use the state-
of-the-art data structure (Theorem 1.1) which costs only O(m) in terms of m. As a result, our
improved reduction (Theorem 1.2) requires ©(m) random bits to hold.

However, our new randomized c-certificate that is the key to obtaining the new reduction requires
only pairwise independent sampling to work. This is in sharp contrast with the certificate of
Karger [28], used in the construction of Thorup’s data structure (Theorem 1.1), which requires full
independence, i.e., ©(m) random bits. We show that we may instead plug our new certificate into
Thorup’s data structure at the cost of a single additional logarithmic factor in the running time.
Since Karger’s certificate constitutes the only use of randomness in Thorup’s data structure, and
full independence in our construction is required only for invoking Theorem 1.1, we obtain the below
low-randomness version of our main result.

Theorem 1.3. There exists a Monte Carlo randomized algorithm for the decremental c-certificate
problem with total update time O(m + nc - To(n)log*n + nclog”n). The maintained certificate
undergoes O(nclog4 n) edge insertions and deletions throughout. The algorithm is correct with high
probability if O(polylogn) random bits are provided. Within this time bound, the algorithm offers
the final self-check after processing all updates.



By using Theorem 1.3 with best known fully dynamic algorithms for different values of ¢ |21,
25, 38|, we obtain:

Theorem 1.4. There exists Monte Carlo randomized decremental connectivity and decremental
2-edge-connectivity algorithms with O(m + nlog” n) total update time and O(1) query time.

Theorem 1.5. Let ¢ = (log n)o(l). There exists a Monte Carlo randomized decremental c-edge-
connectivity data structure which can answer queries to whether two vertices are in the same c-edge
connected class in O(n°M) time, and which has O(m) + O(n®/?) total update time.

Theorem 1.6. Let ¢ = O(n°M). There exists a Monte Carlo randomized decremental c-edge-
connected components data structure with O(m +n3/2T°W) total update time and O(1) query time.

All the above applications of our main result work using only O(polylogn) random bits. They
moreover each have the self-check property as well. As discussed before, our new 2-edge-connectivity
data structure implies an optimal O(m)-time unique perfect matching algorithm for m = Q(n polylogn).

1.3 Adaptive updates and unique perfect matching

All our time bounds are amortized. Amortized time bounds are particularly relevant for dynamic
data structures used inside algorithms solving problems for static graphs. In such contexts, future
updates often depend on answers to previous queries, and therefore we need algorithms that work
with adaptive updates.

Our reduction works against adaptive updates as long as queries do not reveal any details about
the c-certificate H. The reduction will safely maintain the following public information about the
c-edge-connected components of G: between deletions, each such component will have an ID stored
with all its vertices, so two vertices are in the same c-edge-connected component if and only if
they have the same component ID. With the component ID, we store its size and a list with its
vertices in order of increasing vertex ID. Finally, we can have a list of all edges that are not in
c-edge-connected components. After each update, we can also tell what are the IDs of the new
c-edge-connected components, and what are the edges between them.

For the case of 2-edge-connectivity, the above means that we can maintain the bridges of a
decremental graph and we can also maintain the connected components and their sizes without
revealing what the current randomized certificate looks like. All this is needed for the unique
perfect matching algorithm of Gabow et al. [15]. The algorithm is an extremely simple recursion
based on the fact that a graph with a unique perfect matching has a bridge and all components
have even sizes. The algorithm first asks for a bridge (u,v) of some component. If there is none,
the is no unique matching. Otherwise we remove (u,v) and check the sizes of the components of u
and v. If they are odd, (u,v) is in the unique matching, and we remove all other incident edges.
Otherwise (u,v) is not in the unique matching. The important thing here is that the bridges do not
tell us anything about our 2-certificate of the 2-edge-connected components.

_ Thus we solve the static problem of deciding if a graph has a unique perfect matching in O(m) +
O(n) time. If the self-verification reports a possible mistake, we simply rerun. Thus we get a Las
Vegas algorithm that terminates in O(m) + O(n) time with high probability.

1.4 Techniques

Our main technical contribution is a new construction of a sparse randomized c-certificate that
witnesses the c-edge-connected components of G and can be maintained under edge deletions in G.



In the static case, deterministic certificates of this kind have been known for decades [31]. However,
they are not very robust in the decremental setting, where an adversary can constantly remove its
edges forcing it to update frequently. Consequently, Thorup [36] used a randomized sample-based
certificate to obtain his reduction. The general idea behind this approach is to ensure that the
certificate is sparse and undergoes few updates. Ideally, the sparse certificate will only have to be
updated whenever an edge from the certificate is deleted. Using a fully dynamic data structure
on the certificate, we may obtain efficient algorithms provided that we don’t spend too much time
on maintaining the certificate. Thorup’s reduction had an additive overhead O(m log(n?/m)) for
maintaining the certificate, which we will reduce to O(m). We shall, in fact, use Thorup’s reduction
as a subroutine, called on O(logn) decremental subproblems each starting with O(m/log?n) edges.

1.4.1 Thorup’s construction [36]

Let us first briefly describe how Thorup’s algorithm operates on certificates and highlight difficulties
in improving his reduction to linear time. First of all, the c-certificate is constructed as follows:
initially, sample edges of G uniformly with probability P < 1/2, thus obtaining a subgraph S.
Then, compute the c-edge-connected components of S and form a certificate H out of two parts:
(1) A recursive certificate of S, and (2) the subgraph D consisting of edges of G' connecting distinct
c-edge-connected components of S.

As proved by Karger [28], D has size 9] (cn/P) with high probability. Thorup [36] generalizes this
by proving that D undergoes only 5(071 /P) insertions throughout any sequence of edge deletions to
S. Since D depends only on the c-edge-connected components of S, it is enough to have a c-certificate
of S in order to define D. Hence, a c-certificate of S (which is a graph a size O(mP), i.e., a constant
factor smaller) is maintained under edge deletions recursively. The recursion stops when the size
of the input graph is O(cn). To maintain D at each recursive level, we first need to maintain the
c-edge-connected components of the (recursive) certificate of S under edge deletions. The certificate
of S can be (inductively) seen to have O(cn/P) edges and undergo O(cn/P) updates. As a result,
for P = 1/2 maintaining its c-edge-connected components costs O(cn - Te(n)) total time using the
fully-dynamic c-edge-cut data structure. Since at each recursion level the certificate size decreases
geometrically, the expected cost of all the dynamic c-edge-cut data structures is O(cn - Te(n)).

The additional cost of O(mlog(n?/m)) comes from the fact that, at each level of the recursion,
when a c-edge-connected component in S splits into two components as a result of an edge dele-
tion, we need to find edges of G between these two components in order to update D. This takes
O(mlog (n?/m)) total time throughout using a standard technique of iterating through the edges
incident to the nodes in the smaller component every time a split happens [11]. The O(log (n?/m))
(instead of O(log (n))) cost comes by noticing that a vertex can at most have ¢ neighbors in a compo-
nent of order ¢, and that after we go through the edges of a vertex i times it is in a component of order
< n/2% hence it is only the first O(log(n/ deg(v))) times that all neighbors of v have to be consid-
ered, so the total time spent on this becomes O (3, o deg(v) log(n/ deg(v))) = O(mlog (n*/m)).

It turns out very challenging to get rid of the O(mlog(n?/m)) term associated with finding
cuts when components split in Thorup’s reduction. If we knew that all of these cuts were small,
say of size at most , then we could apply a whole bag of tricks for efficiently finding them in a
total time of O(nd), e.g., using invertible Bloom lookup tables [19], or the XOR-trick [1, 2, 27].
Unfortunately, the bound of O(cn/ P) only gives an average bound on the number of edges between
pairs of components, and in fact there can be pairs of components having as many as Q(nl/ 3) edges
between them, as we will later show. In order to resolve this, we have to introduce a new type of
sample based c-edge certificate obtained by only removing cuts of size at most § = O(cpolylogn)
from . In the following three subsections, we describe the ideas behind this new certificate, the



technical challenges encountered in efficiently maintaining it, and why such a certificate is relevant
for decremental connectivity algorithms.

1.4.2 A small cut sample certificate

On the highest level, our c-edge certificate of a graph G = (V, E) is constructed starting with a
sample S C G. For now we assume that the edges of S are sampled independently with some
probability P < 1/2, but we will later see how to reduce the number of random bits needed for
the sampling to O(polylogn). In our algorithms, G will be the current decremental graph and
the sample S will be made from the original graph. Thus, when G has undergone a sequence of
deletions, the current sample will be S N G. At any point in time, the maintained c-edge certificate
only depends on the sample S and the current graph G, not on the sequence of edge updates made
to G so far. We may therefore describe the c-edge certificate statically.

The critical idea behind our certificate is to introduce a small-cut-parameter . Our certificate
is obtained by iteratively removing certain cuts from G where each cut is allowed to be of size at
most 6. We denote by D C G the graph whose edge set consists of the edges removed in this process.
The overall goal is to define this cut removal process in a way so that (1) each connected component
of G\ D is c-edge-connected in S, and (2) it is easy to detect new small cuts under edge deletions
issued to GG. We then use S U D as our c-edge connectivity certificate of G. Importantly, we want
§ to be as small as possible, ideally § = O(cpolylog(n)). This is because O(dn) will show up as an
additive cost in our algorithm for maintaining the certificate. We will describe shortly how this type
of certificate can be used in the design of efficient decremental c-edge-connectivity algorithms, but
let us first demonstrate that the existence of such a cut removal process for a small § is non-trivial.

First of all, we could simply remove all cuts from G of size at most ¢ leaving us with the (6 +1)-
connected components. Karger’s result [28] implies that with § = O((c+1logn)/P) sufficiently large,
these components will remain c-edge connected in S. However, in order to maintain the small cuts,
we would need a decremental d-edge connectivity algorithm. As § > ¢, this approach simply reduces
our problem to a much harder one.

Suppose on the other hand that we attempted to use Thorup’s sampling certificate [36] described
above. To simplify the exhibition, let’s assume that P = 1/2 and ¢ = 1. If D is the set of edges
between connected components of S, D U S is a certificate. Thorup’s algorithm recurses on S to
find a final certificate of G. At first sight it may seem like D can be constructed by iteratively
removing cuts of size at most § = O(logn) between the connected components of S. After all,
isn’t it unlikely that a connected component of S has more than, say, 100logn unsampled outgoing
edges when the sampling probability is P = 1/27 As tempting as this logic may be, it is flawed. To
illustrate this, let G = G(n,2/n) be the Erdés—Rényi graph obtained by sampling each edge of the
complete graph on n vertices independently with probability 2/n. Let further S be the subgraph of
G obtained by sampling each edge with probability 1/2. Then S is distributed as the Erdés—Rényi
graph G(n,1/n) and basic phase transition results [10] show that the two largest components of
S, C1 and Cy, almost surely have size @(n2/ 3). Now, we can conversely construct G' from S by
including each non-sampled edge of the complete graph with probability ﬁ, and then we expect G

to contain as many as @(nl/ 3) edges between C; and C. At some point in the iterative process, we
are thus forced to remove a cut of size Q(n1/3) splitting Cy and C5, and we would have to choose §
of at least this size (but it is possible that other examples could show that § would have to be even
larger). Our algorithms spend total time O(nd) on finding these cuts, and if § = Q(n!/?3), this is not
good enough for a linear time algorithm for non-sparse graphs. We remark that in this example,
each vertex of G has degree O(logn) with high probability. Therefore, an alternative approach
yielding cuts of size O(logn) would be to cut out one vertex at a time moving all incident edges to



D. In particular this would cut the large sampled components C7 and Cs into singletons, one vertex
at a time. Clearly, we cannot proceed like this for general graphs which may have many vertices of
large degree. Nevertheless, this simple idea will be critically used in our construction.

Our actual certificate uses § = O(Clo#). The certificate can be constructed for any P < 1/2,
but in our applications, P = 1/ polylogn. We proceed to sketch the construction now and refer
the reader to Section 4 for the precise details. On a high level, the sample S is partitioned into
¢ = O(logn) samples Sy, ..., Sy, each having size approximately Pm/¢. To construct our certificate,
we start by iteratively pruning G of the edges incident to vertices of degree less than d, moving these
edges to D. The graph left after the pruning G; = G\ D satisfies that each vertex of positive degree
has degree at least §. Next, Sy defines a sample of GGy, H; = S1NG1 and the bound on the minimum
positive degree in G guarantees that with constant probability a fraction of 3/4 of the vertices with
positive degree in the sampled subgraph H; has degree > 4c . We prove a combinatorial lemma
stating that such a graph can have at most 5n/6 c-edge-connected components. As a result, if we
contract the c-edge-connected components of H; in the pruned graph Gi, the resulting graph G}
would have at most 5n/6 vertices. Finally, we construct a c-certificate for G recursively using
the samples Ss, 53, ..., stopping when the contracted graph has no edges between the contracted
vertices (here G played the role of Gj)). The constant factor decay in the number of components
ensures that we are done after £ = O(log n) steps with high probability. All edges of D are obtained
as the removed edges of cuts of G of size less than §, so D will have size O(nd). Our certificate will
simply be S U D which we prove is in fact a c-certificate.

With this, we have thus completed the goal of obtaining a small cut sample certificate with J as
small as O(Clo#). Abstractly, our certificate has a quite simple description: we alternate between
sampling, removing small cuts around c-edge-connected components in the sample, and finally
contracting these components. However, in our implementation, we cannot afford to perform the
contractions as described above explicitly. This makes it difficult to efficiently find the edges leaving
the c-edge connected components of H (at a given recursive level), and we must be able to do this
since these c-edge-connected components may split as edges are deleted from G. It turns out that
since we are only concerned with cuts of size at most §, we can in fact identify these cuts in total
time O(m) + O(6n). We will describe this in the following section.

A final property of our new randomized decremental c-certificate algorithm is that it requires
only O(log2 n) random bits to yield high-probability correctness bounds. This is in sharp contrast
with Thorup’s algorithm [36] which requires £2(m) random bits. On a high level, the reason we can
do with few random bits is that in each step of the construction of our certificate, we only need
the bounds on the number of contracted components to hold with constant probability. Indeed,
we will still only have O(logn) recursive levels with high probability. This means that for the
probability bounds within a single recursive level, it suffices to apply Chebyshev’s inequality. While
the reduction of the number of required random bits is nice, the main point, however, is that
with our new certificate we can get down to constant amortized update time per edge-deletion for
decremental (2-edge)-connectivity for all but the sparsest graphs.

1.4.3 Maintaining our certificate

As edges are deleted from G, the recursive structure of the c-certificate H changes. Indeed, the
deletion of an edge may cause the following changes in one of the recursive layers of H: (1) introduce
a cut of size less than ¢ surrounding a c-edge-connected component or (2) break a c-edge-connected
component in two. In the first case, the edges of the cut have to be moved to D, and deleted from the
current and later layers of H, causing further cascading. When a c-edge-connected component (in
a recursive layer) of H breaks in two, we need to determine whether either of the new components



has less than ¢ outgoing edges in G. If we use the standard technique of iterating over all the edges
incident to nodes of the smaller component, this again incurs an O(log(n?/m)) cost per edge which
is insufficient. However, as we only care about components with at most § outgoing edges, it turns
out that we can do better. We define the boundary of a component C' of some graph H C G to be
the set of edges of G with one endpoint in C, and another in V'\ C. To overcome the O(log (n?/m))
cost per edge, we prove that we can maintain boundaries of size at most § under splits using a Monte
Carlo randomized algorithm in O(m + nd polylogn) total time. We realize this result by deploying
the XOR-trick [1, 2, 27] in a somehow unusual manner. In particular, we randomly partition the set
of edges of G and use the XOR-trick to detect the parts that are relevant for scanning, as opposed
to standard applications of the XOR-trick, which are used to detect a single replacement edge over
a polylogarithmic number of independent samples which unavoidably introduces a polylogarithmic
dependence in the cost per edge. Since we are not interested in discovering a single edge incident
to some set, we only need to apply the XOR-trick once, which allows us to keep the running time
linear in m.

1.4.4 Combining our certificate with Thorup’s algorithm

With the certificate as above, the overall idea for a decremental connectivity algorithm is to maintain
a c-certificate of (each recursive layer of) the decremental graph H = S\ D using the algorithm
by Thorup [36]. By choosing P = 1/log?n, S has m’ = O(m/log?n) edges with high probability,
so employing the algorithm of Theorem 1.1 on each recursive layer takes total time O(m’log?n +
ncT.(n) polylogn) = O(m + ncTe(n) polylogn) with high probability. Let H* be the c-certificate
thus obtained for H. Using a fully dynamic c-edge-connectivity algorithm on H* U D (which
undergoes O(cn polylogn) updates), we maintain a c-edge certificate of G. As H* U D undergoes
O(cn polylog n) updates, running the fully dynamic algorithm takes total time O(cnT,(n) polylogn).

We remark that for ¢ = 1,2 we could instead use a fully dynamic c-edge connectivity algorithm
on H with polylogaritmic update and query time at the price of a smaller P (which would incur more
log-factors in our final time bound). For ¢ > 2, however, we only know that T,.(n) = O(n'/2 poly(c)).
Since, running a fully dynamic algorithm on H takes total time Q(mT.(n)/ polylogn), this is insuf-
ficient to obtain linear time algorithms for dense graphs.

1.4.5 Final self-check

Let us finally describe the ideas behind the final self-checks claimed in Theorem 1.2 and 1.3 in a
more general context. In particular, we show that if a randomized Monte Carlo dynamic algorithm
satisfies some generic conditions then it can be augmented to detect, at the end of its execution,
whether there is any chance that it answered any query incorrectly. That is, if the self-check
passes then it is guaranteed that all queries were answered correctly throughout the execution of
the algorithm. Otherwise, it indicates that some queries might have been answered incorrectly.
The self-check property is particularly useful in applications of dynamic algorithms as subroutines
in algorithms solving static problems, that is, it enables static algorithms to exhibit Las Vegas
guarantees instead of the Monte Carlo guarantees provided by the dynamic algorithm, as they can
simply re-run the static algorithm with fresh randomness until the self-check passes.
The properties of a dynamic algorithm amenable to a self-check behavior are as follows:

e Once a mistake is made by the dynamic algorithm it should be detectable and any subsequent
updates of the algorithm do not correct the mistake before it is detected.

e If the dynamic algorithm is stopped at any point in time, it should be able to still perform
the self-check within the guaranteed running time of the algorithm.



In our algorithm, as long as the c-certificate maintained by our algorithm is correct, the c-edge-
connectivity queries answered by our algorithm exhibit the same guarantees as the fully dynamic
c-edge-connectivity algorithm running on the c-certificate H. Hence, we only need to detect po-
tential mistakes in the process of maintaining the c-certificate H. Such mistakes only happen with
probability n~ ),

The c-certificate H C G of G that we maintain is such that it includes every edge from G that is
not in a c-edge-connected component of G (more specifically, not in a c-edge-connected component
of the maintained sample S C G, which includes all edges not in c-edge-connected components of G)
and such that every c-edge-connected component of G is also a c-edge-connected component in H.
A different equivalent formulation is that for every edge (u,v) of G, if (u,v) is not in H, then u
and v are in the same c-edge-connected component of H.

As we later show, the only possible error in the maintenance of the c-certificate is that an edge
is missing from H while its endpoints are not c-edge-connected in S. Therefore, to satisfy the
properties above, any incorrectly missing edge in the c-certificate should remain missing until the
error is detected. We show (in the proof of Theorem 1.2) that before each update to H we can
check whether the edge should have been part of the certificate but was omitted due to an error. It
is trivial to check for such mistakes during the execution of our algorithm, as follows. For any edge
that is deleted from the graph we simply check whether the two endpoints of the deleted edge belong
to distinct c-edge-connected components of H and, if so, declare a potential error. For every edge
that is inserted to the certificate, due to the updates following an edge deletion, we check whether
the edge was supposed to be part of the certificate before the last edge deletion but was omitted
due to an error. In either case, our self-check flags an execution invalid only if there has been a
mistake (which might or might not have affected c-edge-connectivity queries on the certificate),
which happens with low probability. As long as each vertex knows the ID of its c-edge-connected
component in the c-certificate, the aforementioned check takes constant time to perform per edge
deletion, and thus does not affect the overall running time of our algorithm. Since our algorithm is
Monte Carlo randomized and we only flag an execution invalid if a mistake in the maintenance of
the certificate was detected, any single execution of our algorithm is flagged invalid with probability
n ),

Notice that if the algorithm is terminated before all edges are deleted, we can simply iterate
over the remaining edges and apply the aforementioned check for each remaining edge.

2 Preliminaries

The problem of dynamic connectivity consists in designing a data structure that maintains a dy-
namic undirected graph and supports two operations: an update operation which modifies the
maintained graph, and a query operation, which asks if two given vertices belong to the same
connected component of the current graph.

Dynamic connectivity comes in three variants, which differ in the allowed types of update op-
erations. The most general is the fully dynamic connectivity problem, in which each update may
either add or remove a single edge. The two more restricted variants are incremental connectivity —
each update adds a single edge, and decremental connectivity — each update removes a single edge.

Graphs. Throughout the paper we consider undirected graphs which may have parallel edges,
but not self-loops. Generally, for G = (V, E), we denote by n and m the number of vertices and
edges of G, respectively. When referring to other graphs H = (V, E’), we write |H| to denote |F’|.

If G = (V',E') is a graph with V/ = V and E' C E then G’ is a subgraph of G, denoted
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G' C G. If W is a set of edges, then we denote by G\ W the graph with vertex set V' and edge set
E' = E\W. We often use G\ H to denote G\ E(H). Finally, if G = (V, Eg) and H = (V, Ey) are
graphs on the same set of vertices, then GU H is the graph with vertex set V and edge set EqU Epy.

Let A, B C V be subsets of vertices of G = (V| E). The set of edges from A to B in G is denoted
Ec(A, B). For A C V, we denote by dg(A) = Eg(A,V \ A) the boundary of A in G.

Cuts. A cut of G = (V, E) is a partition of the vertices of G into two non-empty sets Vi, Vo. We
shall mostly identify the cut with the set of edges crossing the cut, E(V;, V). The number of such
edges is the size of the cut. A cut of G of size ¢ € N is called a c-cut of G. A simple cut of G is a
set of edges S C E such that G\ S has exactly one connected component more than G and such
that for every proper subset S’ C S, G\ S’ has the same connected components as G.

Edge connectivity. Let ¢ a be positive integer. Two distinct vertices u,v of G are c-edge-
connected if there exist ¢ pairwise edge-disjoint paths from u to v. Being c-edge-connected is an
equivalence relation on the vertices of G and we call the corresponding equivalence classes the c-edge-
connected classes. The graph G is c-edge-connected if it contains no cut of size < ¢. Equivalently, a
graph G is c-edge-connected if every pair of distinct vertices of G are c-edge-connected. It is worth
noting that the graph consisting of a single vertex is c-edge-connected since it contains no cut. The
c-edge-connected components of G are the maximal induced c-edge-connected subgraphs of G, i.e.,
an induced subgraph C of G is a c-edge-connected component if it is c-edge-connected and there
exists no intermediate subgraph C' C C’ C G such that C’ is c-edge-connected.

For ¢ = 1, we have simpler terminology. We say that 1-edge-connected vertices are connected
and call the 1-edge-connected components of G the connected components or simply components
of G. We also use C(G) to denote the set of connected components of G.

Fully dynamic c-edge-cut. The crucial ingredient in obtaining our general decremental algo-
rithm for arbitrary ¢ > 1 is the fully-dynamic c-edge-cut data structure, defined as follows. Let G
be a graph. Then, the data structure maintains any edge e (if one exists) satisfying the following:
e belongs to some cut of size < ¢ of the connected component of G containing e. For each ¢ > 1,
we denote by T.(n) the amortized update time bound of such a data structure that holds whp.

For example, for ¢ = 1 we have Ti(n) = O(1) since we do not have to maintain anything.
For ¢ = 2, the data structure is required to maintain some bridge of G and it is known that
Ty(n) = O((logn - loglogn)?) [23]. For ¢ > 3, in turn, we have T.(n) = O(n'/? poly (c)) [38].

Chernoff Bound. In our analysis we will occasionally need the classic Chernoff concentration
bounds. We state a version here for convenience.

Theorem 2.1 (Chernoff Bound). Let Xi,...,X,, be independent random variables supported on
0,1] and denote by p =E[Y " | X;] the mean of their sum. For every § > 0,

/52

F n /52
< e 5T, V' < p: Pr [ZX’ < (1 —5)#’] < et

V' > p: Pr [ZXl > (14 8)u
i—1

=1

Uniform edge sampling. Finally, for a graph G = (V, E) and p € [0, 1] a real number, we define
the uniform edge sampling G(p) as follows. Let { X, }ecp be independent Bernoulli random variables
with parameter p and E' = {e € E' | X, = 1}. Then G(p) = (V, E’).
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3 Some Useful Properties of c-Edge-Connected Components

In this section, we present structural lemmas regarding the c-edge-connected components, in par-
ticular in graphs of high minimum degree. We note that some proofs from Sections 3, 5.1, and 5
can be found in Section 8.

Lemma 3.1 (Benczar and Karger [5]). Let ¢ and n be positive integers. Every graph on n vertices
with strictly more than (¢ — 1)(n — 1) edges contains a non-trivial c-edge-connected component.

Corollary 3.2. Let ¢ be a positive integer and G be a graph on n vertices. Denote by q. the number
of c-edge-connected components of G. Then the number of edges connecting distinct c-edge-connected
components of G is at most (¢ — 1)(g. — 1).

Another central lemma is the following, stating that if a graph on n vertices has at least 3/4n
vertices with sufficiently high degree, the number of c-edge-connected components is at most 5/6n.

Lemma 3.3. Let G = (V, E) be a graph on n vertices such that at least 3n/4 of its vertices have
degree at least 4c. The number of c-edge-connected components of G is at most 5n /6.

Proof. Denote by ¢. the number of c-edge-connected components of G. Let Vo C V be the set
of vertices of G that are trivial c-edge-connected components. Then ¢. < (n — |V|)/2 + [Wo| =
(n+|Vo|)/2. Furthermore, every edge incident to a vertex of 1 connects distinct c-edge-connected
components of G. Since there are at most n/4 vertices with degrees less than 4c, at least [Vp| —n/4
vertices in Vj have degree at least 4c. Hence, there are at least 2¢ - (|Vp| — n/4) edges incident to
vertices in Vj. By Corollary 3.2, we have c¢- (n+|Vp|)/2 > 2¢(|Vo| —n/4), which implies |Vp| < 2n/3.
The conclusion follows since ¢. < (n+ |Vp|)/2 < 5n/6. O

4 The new c-certificate

In this section we describe our new c-certificate that is instrumental in obtaining the near-optimal
decremental connectivity algorithm. A c-certificate H of a graph G allows us to answer queries
about c-edge-connected components and c-edge-connected classes of G.

Definition 4.1 (c-certificate). Let G be a graph and ¢ € N. A c-certificate for G is a subgraph
H C G such that the c-edge-connected components and classes of G are preserved in H.

Let 6 > ¢ and £ > 1 be integers to be set later. The certificate is defined based on ¢ 4 1 levels
of graphs H;,G; C G for i =0,... /.

The first step is to sample graphs HY, HY, ..., H? that constitute the basis for graphs Hy, ..., Hy.
Let p € (0,1) be a real number to be fixed later. The sampled subgraphs satisfy (V,0) = HJ C
HY C ... C H?. Specifically, for each i = 1,...,¥, Hf is constructed as follows. Let s = [pm]
and suppose E = {e1,...,en}. Let r; : {1,...,s} = {1,...,m} be a pairwise independent random
number generator, or, in other words, a pairwise independent hash function. Then, we set:

Hlo = Hio_l U (‘/, {6”(1), €ry(2)s - - ,6”(5)}) .

However, we stress that for each level ¢, we require the random generator to be fully independent
from the random generators at previous levels 1,...,4i — 1. It is well known [6] that a pairwise
independent random number generator can be implemented using O (logn) random bits so that it
generates numbers in constant time in the word RAM model. As a result, if ©(¢logn) random bits
are provided, each H? can be constructed in O(si) = O(mpi) time and has O(mpi) edges.
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Now, the graphs Hgy, Gg, H1,G1, ..., Hy, Gy are defined inductively. Set G_; = G. Then for
i=0,...,0the graphs H;, G; are obtained as follows. First, the graph H; is obtained from HYNG;_1
by repeatedly removing all the cuts of size less than ¢. In other words, H; equals the c-edge-connected
components of HYNG;_;. Afterwards, the graph G is in turn obtained from G;_; as follows. While
for some c-edge-connected component C' of H;, we have |0g,(C)| < 0, the edges of the boundary
0, (C) are removed from both H; and G;. Equivalently, one could obtain G; by first contracting all
the c-edge-connected components of H; in the initial G;, then repeatedly removing edges incident
to vertices of degree < ¢ in the contracted graph, and finally undoing all the contractions.

By the construction, the graphs Hy,..., Hy and Gq,..., G, satisfy the following properties:

(1) Every connected component of H; is c-edge-connected.

(2) H; CG; and Gi41 € G; for all ¢ > 0.

(3) Each connected component C' of H; satisfies either ¢, (C) = 0 or |0g,(C)| > 0.
Moreover, we have the following property.
Lemma 4.2. For anyi=0,...,—1, H; C H;y1.

Proof. First of all, note that H; C HZQ+1 N G; since H; C G; and H; C HZO - HiO_H. Moreover, each
component of H; is c-edge-connected so it is contained in some c-edge-connected component of any
supergraph of H;, in particular H?—s—l N G;. As a result, when obtaining H;;1 from H?—s—l N G; by
taking the c-edge-connected components, we never remove edges of H;. O

Figure 1 shows the inclusion relations between the graphs G;, H; (property (2) and Lemma 4.2).

Hy C Gy
1] N
Hy - G
1] M
1] N
H,y - G
1] M
Hy C Go
N
G

Figure 1: Illustration for Algorithm 1

Lemma 4.3. There exists ¢ = O(logn) such that if pf < 1 and pd > 32¢, then, with high probability,
the connected components of Gy are c-edge-connected and equal to the connected components of Hy.

13



Proof. Denote by G the graph G; with the components of H; contracted. By property (3), every
vertex in G has degree either 0 or at least §. Let k; be the number of positive (in fact, at least )
degree vertices of G.

Recall that H; 1 contains precisely the edges inside the c-edge-connected components of H ZOH N G;.
Moreover, let H/,; C G} be the graph H ; N G; with the (c-edge-connected) components of H;
contracted. Consider some vertex v' of Gj. If v’ has degree 0 in G it does so as well in H] ;.
Otherwise, by property (3), v' has degree at least § in G}. Recall that the edges of Hl-oJrl \ HY
are chosen independently of the graphs G’ and H; (which only depend on the randomness from
levels 0, ..., 7) via sampling with replacement s = [pm] edges using a pairwise independent random
number generator r;41. Consider a random variable X,/ equal to the degree of v’ in Hj ;. We now
prove that v’ has degree less than 4c, i.e., X,y < 4¢ with probability no more than 1%.

To this end, we introduce two more random variables Y./, Z,:

e Y,/ equals the number of times an edge incident to v’ is sampled when sampling H?, ; \ H:

Y, = Z [, (;) 18 incident to v” in G7]
1<5<s

e 7, equals the number of collisions incident to v’ during sampling HioJrl \ HY, ie.,

Zy = Z [ris1(j) = rip1(k) and e, ;) is incident to v in Gf]
1<j<k<s

Let d = degg (v') > 4. Since Y,y is a sum of s pairwise independent indicator variables with mean
d/m, we have:

E[Yy] = s-d/m = [pm] - d/m > pd.
Var[Y,] = s - (d/m) - (1 = d/m) < [pm] - (d/m) < 2pm - (d/m) = 2pd.

By pd > pd > 32¢ > 32 and Chebyshev’s inequality Pr[Y, < (1 —¢e)u| < % we have:
2pd 32 1 1
Pr|Y, <pd/4] < Pr|Y, <E|Y,] /4] < <— < =< - 1

Yo < pa/1) < Pl SBIGIALS 005 < g o< < g (1)

By pairwise independence we also have:
1 d 2 d Ap?>m?
E[Z,] = —. —< . =< — =2p%d
[Zv] Z m m~ 2 mZ2~ 2 2 P

1<j<k<s

Since we are aiming at proving the lemma for £ = ~ - logn for a constant v of our choice, we can
without loss of generality require that p¢ < 1 implies p < 1/256. Hence, using Markov’s inequality
we obtain: Elz .

[Zv] <16p < —.
pd/ 16
Note that we have X,y > Y,y — Z,. So, X,y < pd/8 implies Y,y — Z,y < pd/8. This in turn implies
that either Y,y < pd/4 or Z,» > pd/8. As a result, via the union bound we get:

Pr[va’ > pd/8] <

+1_3
16 16

Pr[Xy < pd/8] < Pr[Yy — Zy < pd/8] < Pr[Yy < pd/4] + Pr[Z, > pd/8] < 16

| —
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By pd > 32¢ we have that X,» < 4c¢ implies X,» < pd/8, so we obtain Pr[X,, < 4c] < % as desired.
Now let us consider the probability ¢ that more than a fraction of 1/4 of such n’ vertices v’

(with degree at least ¢ in G7) have degree less than 4c in H; ;. By (1), the expected number of such

vertices is clearly no more than 31—%,. As a result, by Markov’s inequality, g < 31—%/ . % = %. In other

words, with probability at least 1 — ¢ > 1/4, at least a fraction of 3/4 of positive-degree vertices v’
of G will have degree at least 4c in H_ ;.

Observe that since G; 2 Gip1 2 ...Gy 2 Hy O ... D H;, the isolated vertices of G} (which
are obviously also isolated in H] Jrl) correspond to c-edge-connected components of H; that are also
c-edge-connected components of H;11, Hito,...,Hy, Gy, ..., Gp. Since H; C H;y1, by Lemma 3.3,
with probability at least 1/4, the k; non-isolated vertices of G are “merged” into at most 5k;/6 c-
edge-connected components of H;;1. Observe that those are the only c-edge-connected components
of H;y1 that can give rise to positive-degree vertices of G ;. Consequently, with probability > 1/4
we have kij;1 < bk;/6. This proves that k; is very likely to decrease geometrically with i. More
concretely, the quantity k; is 0 for ¢ = £ = z - logn (where z is a sufficiently large constant) with
high probability via the Chernoff bound.

Note that the lemma follows by ks = 0, the fact that Hy C Gy, and property (1) for i =¢. [

Finally, we obtain a c-certificate by taking a union of Hy and G\ Gy. Roughly speaking, since
Hy sparsifies the c-edge-connected components of Gy, replacing the subgraph G, with H, preserves
both the c-edge-components and c-edge-classes. The formal proof can be found in the Appendix.

Lemma 4.4. Let D := G\ Gy. H; U D constitutes a c-certificate for G.

We now show that the basis of our construction, i.e., pairwise independent sampling at O(logn)
levels, yields an interesting low-randomness alternative to Karger’s result [28| saying that if a graph
G is -edge-connected graph, where ¢ = Q((c+logn)/p), then G(p) is c-edge-connected with high
probability (depending on the constant hidden in the € notation). Roughly speaking, Karger’s proof
applies a Chernoff bound to an exponential number of cuts in G and therefore requires sampling
with full independence, i.e., ©(m) random bits. We show that the graph Hg has a similar property,
but requires only polylogarithmic number of random bits: pairwise independence requires O(logn)
bits, and there are O(logn) sampling levels.

Lemma 4.5. Let £ = O(logn) be as in Lemma 4.3. Let p’ € (0,1). Suppose G is ¢'-edge-connected,
where ¢ = Q(clogn/p’) and the constant hidden in the Q notation is sufficiently large. Then the
sampled graph H?, defined as before, has O(mp') edges and is c-edge-connected with high probability.

Proof. By Lemma 4.3, if pf < 1 and pd§ > 12¢, then H, has the same c-edge-connected components
as Gy. In particular, for any ¢’ > ¢, if Gy is ¢’-edge-connected, then Hy is c-edge-connected. Observe
that Gy can be obtained from G be repeatedly removing from G some cuts of size less than J.
However, if G is ¢’-edge-connected for ¢ > §, no such cuts exist in G so in fact we have G = Gy. Let
p=7p/l 6 =12¢c/p = O(clogn/p’). It follows that if G is > J-edge-connected, i.e., Q(clogn/p)-
edge-connected, then Hy is c-edge-connected with high probability. Since H, C H, ?, so is H?. ]

5 Decremental Maintenance of a c-certificate

In this section we give an algorithm for maintaining a c-certificate of Section 4 for a graph G that
is subject to edge deletions. Even though the graph G is decremental, our maintained certificate
will undergo both edge insertions and deletions. However, we will show that, for non-sparse graphs,
it is possible that the certificate undergoes only a sublinear-in-m number of updates throughout.
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Moreover, we will show that it is possible to maintain the certificate in roughly O(m)+O(c - n - Tu(n))
time which is O(m) for non-sparse graphs, depending on the known upper bounds on 7,(n).

In this section we disregard the total number of random bits needed to achieve the claimed
bounds. We discuss how the data structure can be implemented using only O(polylogn) random
bits later in Section 7.

During initialization the algorithm samples HJ,..., H? as described in Section 4 and initially
sets H; := HY for all i. Furthermore, at the start of the algorithm, each G; is (conceptually)
initialized to G. We stress at this point that the ¢ graphs G; are stored explicitly only in the
basic version of the algorithm. The refined version avoids that, as will be discussed later on. The
initialization of graphs H; and G; — so that they match their definition from Section 4 — is completed
using the update procedure as described below.

The update procedure simply rebuilds the subsequent levels ¢ = 0,...,¢ of the certificate ac-
cording to their definition from Section 4. Each of these maintained graphs H;, G; is decremental
in time. A deletion of a single edge e of G (or the final step of the initialization) may in general
cause a deletion of a larger set A of edges from the level-j graphs H;, G;. More precisely, e is first
deleted from Gg. This in turn may give rise to new vertices of degree less than § in Gp. Recall that
edges incident to such vertices should be repeatedly removed from Gq until there are none; denote
by A the set of edges removed in this process plus the edge e. Observe that all graphs at levels
1,...,¢ are subgraphs of Gg, so all the edges from A should also be removed from these graphs.
More generally, if the level j is passed a set A of edges to be removed, these edges are first removed
from both H; and Gj. As a result of this change, some new cuts of size less than ¢ may appear
in Hj, and consequently some c-edge-connected components of H; may split. The splits (as well
as the deletions of edges from A) may give rise to new boundaries dg;(C) of size less than J that
have to be detected and pruned. The removed boundaries are added to the set A to be passed to
subsequent levels.

Algorithm 1 summarizes this conceptual implementation of the above procedure for rebuilding
the certificate. In the algorithm, as well as in the following we set D := G\ Gy.

The correctness of this approach follows by Lemmas 4.3 and 4.4 applied to each subsequent
version of the graph G. If the certificate is not revealed to the user, and is only used to answer
c-edge-connectivity queries or track c-edge-connected components, randomness is not leaked as long
as the algorithm gives correct answers (which happens with high probability). By suitably increasing
the constants hidden in Lemma 4.3 we obtain high probability correctness for all the O(m) versions
of the graph.

In the following we assume that ¢ = ©(logn), p = O(1/logn) and pé = (c) so that Lemma 4.3
implies that Hy U D remains a c-certificate for G.

Lemma 5.1. The graph H;UD has initially O(mplogn+ndlogn) edges and undergoes O(ndlogn)
edge insertions throughout.

Proof. The bound on the initial size of H, follows easily by the used sampling scheme. Moreover,
Hj is decremental, whereas the set D can undergo both insertions (when an edge is removed from
Gy) and deletions (when an edge deletion is issued to G). Therefore, we only need to prove that
D undergoes O(nfd) insertions throughout. To this end, we show that each G; undergoes O(nd)
edge removals following a detection of a component C' of H; with 0 < |9g,(C)| < 0. Recall that H;
and G; are both decremental, so at most 2n — 1 different components can ever arise in H;. Each
such component causes at most ¢ insertions to D if its boundary size ever drops below 9. ]
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Algorithm 1: Abstract algorithm for maintaining a c-certificate decrementally.
Input : A graph G = (V, E), where E = {e1,...,en}
Parameters: A real p € (0,1) and integers ¢,0 € N
Maintains : A c-certificate of G given by the graph D U H; as defined below

1 Procedure Initialize():
2 Initialize graphs Gy, ..., Gy all equal to G,

3 Initialize the empty graph D;

4 Hy <— (V,0);

5 s<— [pm];

6 for i =1 to ¢ do

7 r; +— a 2-independent random number generator {1,...,s} — {1,...,m};
8 Hi +— Hi—1 U (V. {er, 1), €ry2) -5 Eri(s) )

9 CleanUp(();

10 Procedure Delete(e):

11 Delete e from G and D;

12 CleanUp({e});

13 /* Internal deletion of set of edges A, maintains D, {Hj}fzo and {Gj}§:0 */
14 Procedure CleanUp(A):

15 for j =0 to ¢ do

16 Delete the edges of A from G; and Hj;

17 while there exists an edge g € H; contained in a cut of H; of size < ¢ do

18 Delete g from Hj;

19 while there exists a component C' of H; with S := 0g,(C) satisfying 0 < |S| < § do
20 Add S to A and to D;

21 Delete S from Gj;

5.1 Supporting data structures

Now we define a few data structures that we use as subroutines when maintaining the certificate.
These results are either known or should be considered folklore. For completeness, we provide the
proofs of the lemmas in this section in the Appendix.

Restricted fully-dynamic connectivity. Suppose G is a graph subject to edge insertions and
deletions. However, assume insertion of an edge {u,v} is allowed only if u and v are currently
connected. As a result, the connected components of G are decremental in time in the sense that
they can only split, but never merge. In this restricted setting we can explicitly maintain the
connected components of each vertex and thus support constant-time connectivity queries.

Lemma 5.2. Let G be a graph subject to edge insertions and deletions. Suppose the endpoints of
each edge inserted are connected in G immediately prior to the insertion. Let m be the number of
initial edges in G plus the number of insertions issued. There is a data structure that maintains the
connected components C = {C1,...,Cr} of G, and an explicit mapping q : V. — {1,...,|C|} such
that v € Cy(y). Moreover, after each edge deletion that increases the number of components of G,
the data structure outputs a pair (j,A) describing how C evolves: the component C; is split into
Cj\ A and A, where |A| <|Cj\ A, and we set C;j := Cj\ A and Cyq1 := A, and update k < k+1.
The total update time is O(mlog?n), whereas the sum of sizes of sets A output is O(nlogn).
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Maintaining boundaries of splitting sets in a fully dynamic graph. We will often need to
solve the following abstract dynamic problem on graphs. Suppose we have two possibly unrelated
graphs: a fully dynamic graph G and a decremental graph H, both on V. We would like to maintain
boundaries 0 (C) of all the connected components C' of H under the allowed updates to G and H.

Lemma 5.3. Let G = (V, E) be a fully dynamic graph. Let C be the set of connected components of
some (possibly unrelated) decremental graph on V. Suppose the updates to C are given in the same
form as in the output of the data structure of Lemma 5.2. Then, the boundaries Og(C) for C € C
can be maintained explicitly subject to edge insertions/deletions issued to G, and updates to C in
O((n 4+ m)logn) total time, where m is the number of initial edges of G plus the number of edge
insertions issued to G.

5.2 Basic data structure

We now discuss how the algorithm maintaining the c-certificate can be efficiently implemented. We
start with a basic version of the data structure that does not yet achieve linear dependence on m.

First consider maintaining the graphs H;. Recall that we need to efficiently detect cuts of size
< ¢ in H; under deletions, prune H; of these cuts, and keep track of how the c-edge-connected
components (or, equivalently, the connected components) of H; evolve. To this end, we will need
the following auxiliary dynamic graph data structures. First of all, we maintain a c-certificate of
H; using the data structure of Theorem 1.1.3 On top of the c-certificate of H;, we set up a fully-
dynamic c-edge-cut data structure, and the data structure of Lemma 5.2. Since the c-edge-connected
components of H; are precisely the components of the graph obtained by repeatedly removing < c-
edge cuts from the c-certificate of H;, these components combined can maintain the c-edge-connected
components of H; and provide an efficient description of the splits these components undergo.

In the basic version of our algorithm, for each G; in turn, we use a separate decremental boundary
maintenance data structure of Lemma 5.3, where the connected components whose boundaries we
care about come from H;. This data structure is passed all the updates to the components of H;
as described in Lemmas 5.2 and 5.3. Recall how the boundary maintenance structures are used:
while for some (c-edge-) connected component C' of H;, the boundary of C' in G; has positive size
< 0, we remove that boundary from G; (and propagate that change to subsequent layers j > 7). In
particular, for i = 0, since Hy is empty and has only trivial components, this corresponds to removing
from Gy all edges incident to vertices of degree < d until no such vertices exist. The boundaries of
size less than 0 can be accessed easily using the data structure of Lemma 5.3 associated with G;.

Assuming a fully-dynamic c-edge-cut data structure with amortized update time T.(n) and a
proper choice of parameters p,d, the above algorithm runs in 6(m) time and, most importantly,
updates the maintained c-certificate a sublinear (in m) number of times.

Lemma 5.4. There exists a decremental algorithm maintaining a c-certificate for G such that the
certificate undergoes O(nc log* n) edge updates throughout. The total update time of the algorithm
is O(m) 4+ O(n(c+logn) - To(n)log® n) with high probability.

Proof. We set p = 10g13n. This forces us to set § = 12clog®n for pd to be sufficiently large
which is required by Lemma 4.3. Recall that each H; has O(mpf) edges initially and we main-
tain its c-certificate under edge deletions using Theorem 1.1. As a result, this incurs a cost of
O(mpllogn-+n-(c+logn)-T.(n)log®n) time. Since the c-certificate of H; undergoes O(n(c+logn))

updates, using a fully-dynamic c-edge-cut data structure upon the maintained c-certificate of H;

3We could in principle use a decremental c-edge-cut data structure on the graph H; itself as opposed to a fully
dynamic data structure on its c-certificate, but that would prove less efficient.
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costs O(n(c+logn)-Tc(n)) time. Similarly, using the data structure of Lemma 5.2 on the c-
certificate of H; costs O(n(clogn)log®n) time. Summing over all £ = O(logn) graphs H;, we get
O(mplog®n + n(c+logn) - T.(n)log3n) time. By our choice of p, the first term is O(m).

We also use a simple-minded boundary maintenance data structure of Lemma 5.3 on each of
O(logn) graphs G; with components from H;. The total update time of these data structures is
O(mlog®n). The bound on the number of updates to the certificate follows by Lemma 5.1. O

Note that the only obstacle preventing us from getting an O(m) bound in Lemma 5.4 is the
maintenance of component boundaries for each pair (H;,G;) independently. The simple-minded
solution yields an O(m log®n) overhead for this task and in fact solves an overly general problem
of maintaining the boundaries regardless of their size: recall that we only care about the precise
elements of the set dg, (C) for a component C of H; if |0, (C)| < 0. Otherwise, a (high-probability)
guarantee that |0g, (C)| > ¢ is sufficient for our needs.

5.3 Maintaining small boundaries

We now describe how to obtain an O(m) + O(nd) bound for maintaining all the required small
boundaries. Note that this will imply the desired O(m) running time for sufficiently dense graphs,
assuming Ti(n) is low enough. First of all, let A; := G; \ Gy. We can split the task of maintaining
0, (C) into maintaining dg,(C) and Oa,(C) separately. Clearly, we have A; C D. Recall that D
(and thus also A;) is initially empty and undergoes only O(ndlogn) insertions throughout. As a
result, we can afford maintaining the boundaries of the form 0a,(C) even exactly (i.e., regardless
of their sizes) using the data structure of Lemma 5.3 in O(¢ - nélogn - logn) = O(ndlog®n) time.
It remains to show how to efficiently maintaining the boundaries dg,(C') for components C of the
graphs Hy, ..., Hy, provided that |0g,(C)| < 6. We accomplish this goal using three components.

The sampled graph R. The first component is responsible solely for estimating the sizes |0g, (C')].
Let R be a graph obtained from Gy via uniform sampling with probability ¢ = 1/log? n. Clearly, the
graph R has size ©(mq) with high probability by the Chernoff bound. Recall that G is decremental;
whenever an edge e of Gy is deleted, it is removed from R as well if it was sampled. So R can be
initialized and maintained in O(m) total time. Assume § = Q(log?n - logm), where the constant
hidden is sufficiently large. Then, for each version of Gy in time, and each of some O(poly{n,m})
sets C C V chosen independently of R, |0g,(C)| < ¢ implies |0r(C)| < 2¢d, and |0r(C)| < 2¢0
implies |0g,(C)| < 49, both with high probability via the Chernoff bound.

The small-boundary oracle. Consider the following abstract problem. Suppose G = (V, E) is
a fully-dynamic graph. We would like to have a data structure that supports the following query:
given some S C V', compute 0g(S). The obvious query procedure would be to go through all edges
incident to the vertices of S; this would give a O(|E(S,V)|) query bound. However, if |S| - [0g(S)|
is significantly smaller than |E(S, V)|, a more efficient solution is possible. Formally, we prove the
following theorem which we believe might be of independent interest.

Theorem 5.5. Let G = (V, E) be an initially empty graph subject to edge insertions and deletions
and let s, 1 < s <mn, be an integral parameter. There exists a data structure that can process up to
O(polyn) queries about the current set 0g(S), where S C V' is the query parameter, so that with

high probability, each query is answered correctly in O (\S\s +|E(S,V)|- \acis(S)l + log n) time. The

data structure is initialized in O(ns) time and can be updated in constant time.
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We use the above data structure for Gy and only ask queries when |0g,(S)| = O(6). By setting
s = ¢ -logZn we will achieve O(|S|d1og?n + |E(S,V)|/log®n) query time. Since G undergoes m
updates, the total update time of this data structure is O(m + nd log?n).

Maintaining small boundaries of G, under splits. Finally, we show how to combine the
above two components with a neat variant of the data structure of Lemma 5.3 in order to maintain,
for each i, the boundaries of components C' of H; with |0g,(C)| < § in O(nd) + O(m/logn) time
with high probability. Through all ¢, this will imply the desired 6(n6) + O(m) total time bound.

Let C = {Cy,...,Cx} be the components of H;. Recall that the data structure of Lemma 5.2
for the c-certificate of H; yields decremental updates of the form (j,C’) (where § # C" C C; and
|IC'"| < 1C;\ C')) to C that set C; := C; \ €' and Cjyy := C’. As argued in Lemma 5.2, the total
number of updates is at most n — 1 and the sum of |C’| over all updates is O(nlogn). We will show
how to process these updates so that with high probability, at all times for each Cj, |0g,(C;)| < 0
implies that we store the set dg,(C;) explicitly. Wlog. assume that C = {V'} initially.

We will say that a set S C V' has small boundary if |Or(S)| < 2¢6. Otherwise, we say that S
has large boundary. As argued before, with high probability, the subset of components with small
boundary includes all components C or our interest, i.e., with |0g, (C)| < §, and does not include any
components with [0g,(C)| = w(d). We keep track of which components have large /small boundaries
by running a simple-minded boundary maintenance data structure of Lemma 5.3 on R. The total
update time of this data structure is O(nlogn + |R|logn) = O(nlogn + m/logn) whp.

A naive approach to solve our problem would be to maintain dg, (C') for small boundary compo-
nents C' € C. However, this approach fails for the following reason. Suppose a component C' is split
into C’,C", where |C’| < |C"|. Assume that C” does have a small boundary, whereas C' and C’ do
not. It is then unclear how to compute the set dg,(C”) (of size < §) using time less than linear
in either |C”| or |E(C’,V)|. Had Q(n) splits like this happened, we could spend time as much as
either ©(n?) or ©(mlogn) which is obviously too much. We need a smarter approach.

First of all, denote by S be the family of sets C that ever appeared in C and had small boundary
when still in C. We will maintain dg,(S5) for all S € S — as opposed to exclusively for S € SNC as
in the naive approach. Moreover, for each C € C, C # V', we store (a pointer to) s(C): the unique
smallest set in S such that C' C s(C). Initially we have C =S = {V'}, and 9¢,(V) = 0.

We now show how to update the stored information when an update (j,C’) comes. Let A = C’
and B = C; \ C". Recall that |A| < |B|. Then, if C; € S, we have s(A) = s(B) = C;. Otherwise,
we have s(A) = s(B) = s5(C}). Now, if some C' € C becomes small-boundary* (either as a result
of edge deletion issued to R or immediately when it appears), we compute Jg,(C) as follows. If
|C] < |s(C)|/2, then we compute dg,(C') using the small boundary oracle query on C. Otherwise, we
compute it by issuing a query about the set s(C')\C to the small boundary oracle and then taking the
symmetric difference dg, (s(C))Adg,(s(C)\ C) which equals dg,(C). It is important to note that we
do not require that s(C')\C is an element of S here; it is sufficient to have that |0g,(s(C)\C)| = O(9),
which follows by 9g,(s(C) \ C) C 0g,(C) U 0g,(s(C)) and |0g,(C)|,|0q,(s(C))| < § with high
probability. Clearly, taking the symmetric difference takes O(9) time.

Lemma 5.6. The total time spent on computing all the required boundaries 0g,(C) for C € S is
O(ndlog®n + m/logn) with high probability.

Proof. Consider a natural tree that the sets of S form, where each C' # V is a child of s(C'). Let
S*={CeS§:|C| <|s(C)|/2}. Computing boundaries of sets C' € S such that |C| < |s(C)|/2, i.e.,

4Recall that the boundaries Or(C) are maintained explicitly using the simple-minded data structure of Lemma 5.3.
Consequently, it is easy to detect this event “on the fly”.
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of sets C' € S§*, requires a single oracle query for dg,(C) per each C' € §*. By Theorem 5.5, such a
query costs

) (|C\5log2n + Z deg(v) + logn>

2
vel log™n

time. When [C| > |s(C)|/2, s(C) \ C equals the union of siblings of C' in the tree that the sets of
S form. So the cost of a query for dg,(s(C) \ C) is:

deg(v)
@) Z <|C'6log2n—|— Z og® 1 —Hogn)

C" a sibling of C velC’

Observe that each C’ € S has at most one sibling whose size is at least |s(C")|/2. As a result, each
C’" with |C'] < |s(C")|/2 contributes to a sum above for at most one C' € S with |C| > |s(C)|/2. As
a result, the total time spent on small boundary oracle queries (through all C' € §) is:

O(Z <|C|6log2n+z degz(v)>> =0 (Z <5log2n+ ?552(17}1)) HCeS :ve C’}|> :

Cces e log™n veV

Observe that each v € V' can be an element of at most O(logn) sets of S*: all these sets are ancestors
of {v} in the tree corresponding to S and have size smaller than their respective parent by a factor
of at least 2. As a result, the total time spent on this step is O(ndlog®n + 3=, deg(v)/logn) =
O(nélog®n +m/logn). This dominates the O(ndlogn) cost of taking symmetric differences. [

We also need to maintain the stored boundaries dg,(C) for C' € S under edge deletions that
Gy undergoes. However, to avoid spending O(m) time per single H; on this, for this part we need
to consider all the graphs H; simultaneously. Note that for a fixed i, S only grows and contains at
most 2n — 1 elements. Hence, the total size of the stored sets dg,(C), C € S, is O(nd) (whp). For
each e € E(G/) we maintain a list of pointers to such stored boundaries with e € d¢,(S), through
all H;. The total number of pointers ever inserted into these lists is clearly O(nd¢) = O(ndlogn).
When an edge e is removed from Gy, we scan the attached list of e and remove this edge from the
required boundaries it was contained in. The total time spent on this can be seen to be no more
than the total number of insertions into the lists, i.e., O(ndlogn).

Theorem 1.2. There exists a Monte Carlo randomized algorithm for the decremental c-certificate
problem with total update time O(m+n(c+logn)-Te(n)log® n+nclog’ n). The maintained certificate
undergoes O(nclog? n) edge insertions and deletions throughout. The algorithm is correct with high
probability. Within this time bound, the algorithm offers a final self-check after processing all updates.

Proof. Recall that the simple reduction from Lemma 5.4 had O(m) + O(n(c + logn) - T.(n) log® n)
operation cost of the fully-dynamic c-edge connected components data structures. It also required
setting 0 to at least clog® n. The cost of maintaining the needed small boundaries is dominated by
the application of Lemma 5.6 for each ¢ = 1,...,£. The statement about the running time of the
algorithm follows.

We now turn to proving the statement that the algorithms offers a final self-check after process-
ing all updates. Notice that we only need to check that no edge between distinct c-edge-connected
components of the certificate was missing at any point throughout the execution of the algorithm; in-
deed, even if an edge with both endpoints in the same c-edge-connected component of the certificate
was missing that wouldn’t affect any answers to c-edge-connectivity queries on the certificate.
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First note that in a correct execution of our algorithm all edges between distinct c-edge-connected
components of H; (and hence, of the certificate) are always present in the certificate. That is, we
only need to verify that no edge between two distinct (c-edge-) connected components of H; is
added and that each deleted edge from G is either present in the certificate or both of its endpoints
belong to the same (c-edge-) connected component of H;. We assume that each vertex has access to
the ID of its (c-edge-) connected component in Hj, so that we can check in constant time whether
the two vertices are part of the same (c-edge-) connected component. These IDs are provided by
invocation of the Lemma 5.2 on the certificate. Whenever an edge e is deleted from the graph G
(and hence from the certificate), we simply check that e is part of the certificate if its endpoints are
in distinct (c-edge-) connected components of Hy; if that is not the case, we mark the execution of
the algorithm invalid, as edge e should have been part of the certificate. On the other hand, if both
the endpoints of a deleted edge e were part of the same (c-edge-) connected component of Hj, then
no query might have been answered incorrectly.

Finally, edges might be added to the certificate due to the update in our data structures following
an edge deletion from G. Again, we need to make sure that no edge is added to the certificate that
was supposed to be there before the edge deletion and is omitted due to an error. Specifically, for
the edges added to the certificate we need to check that both of their endpoints are in the same
(c-edge-) connected component of H; right before the last edge deletion from G (which potentially
caused the splitting of connected components of H;). If that is not the case, then we again flag
the execution invalid as the endpoints of these edges were part of distinct (c-edge-) connected
components of H; and should already by part of the certificate. Notice that the splits of (c-edge-)
connected components of H; are described by the output of the data structure of Lemma 5.2, and
hence the queries can be answered efficiently (even an O(logn) bound per query would be enough
to keep the running time withing the stated bound due to the limited number of updates to the
certificate). O

5.4 Small boundary oracle

In this section we prove Theorem 5.5. Recall that the goal is to have a data structure that maintains
a fully dynamic graph G = (V, E) and supports queries regarding d;(S), where S C V is a query
parameter.

First of all, we will leverage the well-known XOR trick [1, 2] for deciding if a boundary of some
subset of vertices is non-empty. We now briefly describe this method. Suppose each e € E is assigned
a random bit-string z. of length ©(logn) that fits in O(1) machine words. Let z, = @,,—ccr Te
denote the XOR of the respective bit-strings of edges incident to v. Then, one can prove that, given
S C V, with high probability the XOR @, ¢ =4 is non-zero if and only if 0g(S) # (. So, emptiness
of 0¢(S) can be tested in O(|S]) time.

Let s > 1 be an integral parameter. The main idea is as follows. We partition the edge
set F into E1,...,FEs. Each e € FE is assigned to one of these sets uniformly at random. Let
us apply the XOR-trick for each F; separately. To this end, now x, is a vector of s bit-strings,
where (i) = @, y—ccp, Te- Given that, in O(s|S]) time we can find the set I of all ¢ such that
9c(S) N E; # 0 (whp). Clearly, in order to find dg(S), we only need to look for this boundary’s
clements in (¢ Ei) N Eg(S, V). If [0¢(S)] is small compared to s, one can prove that, with high
probability, this strategy is more efficient than iterating through the entire set E(S, V). We prove
this formally below.

Lemma 5.7. Let S C V. Then, with high probability, the query procedure computes dg(S) correctly
in O (5|S| +|Eaq(S, V)| - w + logn) time.
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Proof. Let the bit-strings z. consist of v = O(1) machine words, each with at least [log,n] bits.
As argued before, computing the bit-strings y(i) = @,cq 2 (i) for all i = 1,..., s and finding the
set I = {i:y(i) # 0} takes O(s|S|) worst-case time.

Now, let us consider the number of edges searched. Suppose that e € Eg(S,.S) has endpoints
u,v € S and belongs to Ej. Then x. does not contribute to y(j) as it is present twice in the
XOR, once in z,(j) and once in x,(j). Hence, if y(j) # 0, i.e., j € I, then there is an edge of
E; that has only one endpoint in S and thus belongs to dg(.S). Since each e € 0g(S) contributes
to a single element of y, |I| < [0z(S)|. Now, for e € E, let Y. be the indicator of the event
(e € Uier Bi), ie., Yo = 1if e € J;e; Es and Yo = 0 otherwise. The set I is entirely determined
by the variables (7¢)cco,(s), 80 for the remaining edges, Eg(S,V) \ dg(S) = Eg(S, S), the random
variables {Y,}ccp,(s,5) are mutually independent and independent of the choice of I except for its
size, |I|. It follows that the sum Y = 3° . p (g o) Ye satisfies

|1

S

196(5)|

E[Y] = [Eo(S,9)| - 1| < [Ba(s,v)] - 22

Since Y is a sum of independent random variables, we may write pu = |E(S, V)| - [0g(S)| /s. Let
t > 0 be a constant and p’' = p + 3tlogn, and apply the Chernoff bound of Theorem 2.1 to get

Pr[Y > 2u+ 6tlog(n)] = Pr[Y > (1 + 1)p/] < exp(— max{u, 3tlog(n)}/3) < n".
Thus, with high probability the number of edges checked by the algorithm is

S

0q (S
0 (106(s)1 + |Ea(s. V)1 2N 1ogn)
and, as a result, the running time of the query procedure is

0 <s|5| +10¢(S)| + |Ec(S, V)| - |8G7(£S)| + logn> :
To obtain the desired bound note that if s > |0g(S)], then the term |0g(S)| above is dominated by
s|S|, and otherwise it is dominated by the third term.

Finally, let us consider the probability that the output of the query is correct. It is not hard to see
that the output is correct if and only if the set I corresponds to the set J = {j € [s] | E;N0q(S) # 0},
since in that case, the algorithm searches all groups containing an edge of d(S). We have already
established that I C J. So let j € J be given. Then there is some edge e € 0¢(S) N E;. We have:

y(]):@xv(]): @ xf

veS fE€0G(S)NE;

since for every edge e of Eg(S,S), . appears twice in the XOR. The probability that y(j) = 0, or
equivalently j € I, is hence the probability that z. = @fe(ag(S)\{e})mEj xy. Since z. is independent
of the right-hand side, this probability is exactly 2/%¢l < 2=7vlog2n < ;=7 By a union bound, it
follows that J C I with probability at least 1 — |[J|-n™7 <1 —sn? <1—n7"1 O

When an edge e = uv is inserted into G, all we have to do is pick a random set F; for e, sample
a random bit-string z., and update z,(j) := xw(j) ® . for w € {u,v}. To handle the deletion of
e, all we have to do is to repeat the last step of insertion and remove e from F;. So an edge update
can be clearly performed in O(y) = O(1) worst-case time. The data structure can be initialized in
O(ns + m) time by first filling the values x, (i) with zeros and then inserting all the edges.

Finally, to guarantee high-probability correctness and query time bounds for poly (n) queries,
it is enough to set constants vy and ¢ (from the proof of Lemma 5.7) sufficiently large. The full
pseudocode of the data structure is given in Algorithm 2.
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Algorithm 2: Small boundary oracle.

Input : A graph G = (V, E) on n vertices
Parameters: Positive integers v = O(1) and s < n.

1 Procedure Initialize():

2 Initialize s sets Fq, ..., Eq;

3 Fill values z,(j) for v € V and j € [s] with all-zero bit-strings of length v - [logy n;
4 for e € £ do

5 Insert(e);

6 Procedure Insert(e = {u,v}):

7 Insert e into some Ej of Fy,. .., Es uniformly at random;

8 Let x. € {0,1}7 18271 be a bit-string chosen uniformly at random;

9 Let xy(j) := 24(J) © @e;

10 Let 24,(j) := zu(j) & z¢;

11 Procedure Delete(e = {u,v}):

12 Let E; be the set containing e;

13 Delete e from FEj;

14 Let 24(j) := x4y (J) ® xe;

15 Let 24(j) := 24 (j) @ we;

16 Function FindBoundary(S): /* Find 0g(S) for a subset SCV */
17 Let B := 0,

18 Let y := @D cg To:

19 Let I :={i € [s] | y(i) # 0};

20 for wv = e € J,c /(£ N E(S,V)) with uw € S do
21 if v¢ Sthen B:=BU/{e};

22 return B

6 Decremental c-Edge-Connectivity

In this section we briefly explain how Theorem 1.2 implies decremental c-edge-connectivity algo-
rithms with O(m) total update time for sufficiently dense graphs.

It is important to note at this point that there are two settings that might be of interest. First,
we might want to have a decremental algorithm maintaining c-edge-connected components, that
is, supporting queries whether two vertices belong to the same c-edge-connected component of G.
However, we might alternatively want to have a decremental algorithm maintaining the c-edge-
connected classes, i.e., supporting queries whether there exist ¢ edge-disjoint paths between some
two vertices. Recall that these settings are equivalent for ¢ = 1,2, but differ for ¢ > 3: then a pair
of c-edge-connected vertices might not belong to the same c-edge-connected component.

Let us first consider the decremental c-edge-connected components problem. Then we have:

Theorem 6.1. There exists a Monte Carlo randomized decremental c-edge-connected components
algorithm with O(m + nc(log” n + log*n - T,(n))) total update time. The algorithm is correct with
high probability.

Proof. We maintain a c-certificate H of G using Theorem 1.2. Observe that H has the same
c-edge-connected components as G. We additionally maintain a fully-dynamic c-edge-cut data
structure for H, and a data structure of Lemma 5.2. These two combined allow us to prune the
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certificate from < c-edge-cuts and explicitly maintain the c-edge-connected components of H (which
enables constant-time queries about the component a vertex belongs to). Since H undergoes only
O(ne log4 n) edge updates, and each can be processed in O(T.(n) + log2 n) amortized time, the
theorem follows. O

By plugging in the specific known upper bounds on T¢(n) for ¢ = 1,2, we obtain:

Theorem 1.4. There exists Monte Carlo randomized decremental connectivity and decremental
2-edge-connectivity algorithms with O(m + nlog” n) total update time and O(1) query time.

For ¢ > 3, T.(n) = O(n'/? poly (c)) has been proved [38], and therefore for ¢ = O(n°M) the
c-edge-connected components can be maintained under deletions in O(m) + O(n3/?+°(1)) total time.

Theorem 1.6. Let ¢ = O(n°Y). There exists a Monte Carlo randomized decremental c-edge-
connected components data structure with O(m +n3/2t°W) total update time and O(1) query time.

Now consider the decremental c-edge-connected classes problem., i.e., decremental pairwise c-
edge-connectivity.

Theorem 6.2. Suppose there exists a fully-dynamic c-edge-cut algorithm with T.(n) amortized
update time, and a fully-dynamic pairwise c-edge-connectivity algorithm with U.(n) amortized update
time and Q.(n) query time. There exists a Monte Carlo randomized decremental c-edge-connected
components algorithm with O(m+nclog’ n+n(c+logn)T.(n)log? n+nclog*n-U.(n)) total update
time and O(Qc(n)) query time. The algorithm is correct with high probability.

Proof. We maintain a c-certificate H of G using Theorem 1.2. Recall that H has the same c-
edge-connected components as G. So, we additionally maintain the certificate using the assumed
fully-dynamic c-edge-connected classes data structure and use it to answer queries. O

Jin and Sun [25] have recently showed that for ¢ = (logn)°™), a deterministic fully-dynamic
c-edge-connected classes data structure with U.(n) = O(n°M) and Q.(n) = O(n°M) exists. By com-
bining their result with the fully-dynamic c-edge-cut algorithm of Thorup [38] with
T.(n) = O(n'/? poly (c)), we obtain the following.

Theorem 1.5. Let ¢ = (logn)°M). There exists a Monte Carlo randomized decremental c-edge-
connectivity data structure which can answer queries to whether two vertices are in the same c-edge
connected class in O(n°M) time, and which has O(m) + O(n®/?) total update time.

7 Reducing the Number of Random Bits

In this section we show that our algorithms can be tuned to require only O(cpolylogn) random
bits over all updates. We take advantage of the pseudorandom number generator by Christiani
and Pagh [7], which, given only a O(cpolylogn) truly random bits, can generate O(n) random
numbers, such that each number is between 1 and n’, n < n/ < 2n and the generated numbers are
O(cpoly log n)-independent. Generating each number takes O(1) time, whereas initialization takes
O(cpolylogn) time.

The key property that we use is the fact that ©(logn)-independence is sufficient for a Chernoff-
like bounds to hold [7].

Our algorithm uses randomness for three purposes:
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1. In order to initially sample the graphs H? (for all i) and R.

2. Within the data structure of Theorem 1.1 to maintain a c-certificate of each H;.

3. Within the small-boundary oracle, to partition the edges of F into sets F1,..., Fs .

4. Within the small-boundary oracle, to generate the random bits associated with each edge.

We now discuss how to implement each item using the pseudorandom generator of [7].

We already argued in Section 4 that for sampling HY, ..., H, 19 , a polylogarithmic number of
random bits is sufficient. For the sampled graph R we only used Chernoff bounds for a polynomial
number of sums of indicator variables, so indeed polylogarithmic independence is enough, and the
sampling can be performed using the pseudorandom generator of [7].

When making use of the partition in item (3), for efficiency we only apply the Chernoff bound to
a polynomial number of sums of independent indicator variables Y, with the same mean for edges e
in some subset of E. Hence, O(polylogn)-independence between the variables Y, is sufficient. The

partition of F can be performed by sampling each E; to be a {(m =2 i<ilEi /(s —i+ 1)-‘ -subset

of E'\ (U i< Ej>. This is easily implemented using the pseudorandom generator.

Consider item (4). Whenever the decremental certificate algorithm performs a query on the
small boundary oracle, with high probability the requested boundary dg(S) contains O(c-polylogn)
edges. As aresult, only O(c-polylogn) edge bit-strings = ; participate in each computed value y(j) =
b fede(S)nE; Tf- Therefore, it is enough that the edge bit-strings are O(cpolylogn) independent
instead of fully independent.> As a result, the individual bit-strings can be obtained from the
pseudorandom generator in O(m) time.

Finally, dealing with item (2) is less straightforward. This is because in the analysis of the data
structure of [36, Theorem 6|, Thorup invokes a result due to Karger [28] saying that if a graph G is
-edge-connected graph, where ¢ = Q((c+logn)/p'), and p’ € (0,1) then G(p') is c-edge-connected
with high probability (depending on the constant hidden in the © notation). This is then used
to show that the number of edges between different c-edge-connected components of a certificate
(which is G(p’) augmented with the edges of G connecting distinct c-edge-connected components
of G(p) , where p’ is any constant less than 1) that Thorup uses is O(c¢'n) with high probability.
This is where the ¢+ logn term in the bounds in Theorem 1.1 comes from. Unfortunately, roughly
speaking, Karger’s proof applies a Chernoff bound to an ezponential number of cuts in G and
therefore requires sampling with full independence, i.e., ©(m) random bits.

We can eliminate the need for full independence in [36], albeit at the cost of replacing the
¢+ logn terms in the bounds of Theorem 1.1 with clogn. To this end, one can leverage Lemma 4.5
and replace the uniformly sampled subgraph G(p’) with the graph H ? from our construction with
p set to p/ /€ (computable in O(mpl) = O(mp’) time using O(polylogn) random bits), at the cost
of replacing the ¢ 4 logn terms with clogn in the bounds of Theorem 1.1.

8 Omitted Proofs

Lemma 3.1 (Benczir and Karger [5]). Let ¢ and n be positive integers. Every graph on n vertices
with strictly more than (¢ — 1)(n — 1) edges contains a non-trivial c-edge-connected component.

°In general, the XOR trick can be used with polylogarithmic independence even for testing non-emptiness of large
(i.e., up to size n) boundaries [18, 39]. Although a single bit of an edge bit-string can be generated in constant
time [39], we need O(logn) bits per edge to guarantee high probability correctness. As a result, using known tools,
generating all edge bit-strings would cost ©(mlogn) time which is too expensive for our application.
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Proof. We proceed by strong induction on n. The statement is clearly true for n = 1,2. Consider
now a graph G on n > 2 vertices and (¢ — 1)(n — 1) + 1 edges. If no simple cut of G of size d < ¢
exists, then G is c-edge-connected and we are done. Otherwise, deleting the simple cut from G, we
obtain subgraphs G and Gy of G of sizes n1 and ng, respectively, such that n; + no = n. After
deleting the simple cut there are at least (c—1)(n—2)+1 = (c—1)(n1—1)+(c—1)(n2—1)+1 edges
left. Hence, by the pigeonhole principle and the induction hypothesis, either GG; or G contains a
non-trivial c-edge-connected component. ]

Corollary 3.2. Let ¢ be a positive integer and G be a graph on n vertices. Denote by q. the number
of c-edge-connected components of G. Then the number of edges connecting distinct c-edge-connected
components of G is at most (¢ — 1)(g. — 1).

Proof. Contracting the c-edge-connected components of G we arrive at a graph G’ on ¢, vertices with
no c-edge-connected components. All edges of G that connect distinct c-edge-connected components
of G are still present in G'. By Lemma 3.1, G’ contains at most (¢ —1)(g. — 1) edges, which
completes the proof. O

Lemma 5.2. Let G be a graph subject to edge insertions and deletions. Suppose the endpoints of
each edge inserted are connected in G immediately prior to the insertion. Let m be the number of
initial edges in G plus the number of insertions issued. There is a data structure that maintains the
connected components C = {C1,...,Cr} of G, and an explicit mapping q : V. — {1,...,|C|} such
that v € Cy(,y. Moreover, after each edge deletion that increases the number of components of G,
the data structure outputs a pair (j, A) describing how C evolves: the component Cj is split into

Cj\ A and A, where |A| <|Cj\ A, and we set C;j := Cj\ A and Cyq1 := A, and update k < k+1.
The total update time is O(mlog?n), whereas the sum of sizes of sets A output is O(nlogn).

Proof. First of all, we store G in a fully-dynamic connectivity data structure with O(log?n) amor-
tized update time and O(logn) query time [21]. This data structure also maintains a spanning
forest explicitly and allows O(logn)-time queries about the size of the component containing a
given vertex. If an edge is inserted, we just pass the insertion to the fully-dynamic data structure
— this insertion does not change the connected components of G. If an edge {u, v} is deleted, we
additionally check if u and v are still connected after removing {u,v}. If not, assume wlog. that
the component of v is not smaller than that of v afterwards. We set A to be the vertices of the
tree containing v in the spanning forest. Let ¢(u) = C;. For each x € A we remove z from Cj, and
set ¢(x) := k + 1. Finally, we set Ci11 := A, increment k, and output (j, A). To bound the total
time spent outside the fully-dynamic connectivity data structure, note that each time we spend
time proportional to the size of the output set A. Whenever a vertex x belongs to A, the size of the
component of z decreases by a factor of at least two due to the edge update. As a result, each = can
occur O(logn) times in the output sets A, and hence the total size of these sets is O(nlogn). O

Lemma 5.3. Let G = (V, E) be a fully dynamic graph. Let C be the set of connected components of
some (possibly unrelated) decremental graph on V. Suppose the updates to C are given in the same
form as in the output of the data structure of Lemma 5.2. Then, the boundaries g(C) for C € C
can be maintained explicitly subject to edge insertions/deletions issued to G, and updates to C in
O((n + m)logn) total time, where m is the number of initial edges of G plus the number of edge
insertions issued to G.

Proof. Note that similarly as in Lemma 5.2, the updates to C are given in such a way that we can
explicitly maintain, for each v € V| the component from C it belongs to. This takes O(nlogn) total
time. It also enables us to decide in O(1) time whether an edge {u,v} belongs to two (if u,v are
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disconnected) or zero boundaries (otherwise). Each boundary dg(C) is stored in a linked list L(C').
Each edge of G connecting endpoints in different components of C has associated two pointers to
its places in the two respective lists. Hence, whenever an edge is inserted /deleted from G, the lists
storing the boundaries can be easily updated in constant time.

Now suppose C is updated: some C; € C gets split into C; \ A and A, where [A] < [C;\ A
Clearly, only the lists L(C}) and L(A) may need to be fixed at this point. We now iterate through
all {u,v} =e € Eg(A,V) and proceed as follows. Suppose wlog. that u € A. If v € C;\ A, then we
add e to L(C};) (it was not there before the split) and update all the auxiliary pointers. Otherwise,
if v e V\ (CjUA), then e is removed from L(C;) and inserted into L(A). Otherwise, if v € A, then
we skip that edge as it remains an intra-component edge after the split. It is easy to verify that the
lists represent the required boundaries after this step, which takes O (3, 4 deg(u)) time.

Finally, the O(mlogn) total update time bound follows since the incident edges of each vertex v
are traversed O(logn) times — when this happens, the size of v’s component in C halves. O

Lemma 4.4. Let D := G\ Gy. H; U D constitutes a c-certificate for G.

Proof. First, we prove that H,UD preserves the c-edge-connected components of G. For convenience,
denote G. = Hy;UD. Assume, by contradiction, this is not true. Note that for each c-edge-connected
component C’ of Hy it holds that C’ C C for some c-edge-connected C component of G, as otherwise
G[C'] contains a < c-cut and so does Hy[C'] since H; C G; a contradiction. Let C' be a c-edge-
connected component of G that is not preserved in G.. Then, there exists a k-cut S, for £ < ¢,
in G([C] that is not a k-cut in G[C]. Let Ci,Cs be the two different connected components of
G.[C]\ S. To conclude the argument, we next show that all edges in (C7 x Cq) N E are present in
G, which implies that if S is a k-cut in G.[C] it is also a k-cut in G[C], and hence we contradict
the assumption that C' is a c-edge-connected component in G[C] but not in G.[C]. Take any edge
in uv € (C1; x C2) N E. Vertices u and v belong to different c-edge-connected components of Hy,
as otherwise, there would be no k-cut separating u,v in G, which contains Hy. Hence, the edge
uv € D C G, since D contains all edges of G between components of Hy. This concludes the proof
that G, preserves the c-edge-connected components of G.

Now we turn to proving that G, preserves also the c-edge-connected classes of G. To this end,
we first show that every < c-cut of G, is a < c-cut of G. Let S be a < c-cut of G.. For contradiction,
suppose some u,v € V are connected in G\ S but not in G\ S. Let P be a w — v path in G \ S.
The endpoints of some edge xy € P have to be disconnected in G, \ S, as otherwise a path from
u to v would exist in G, \ S. However, if xy is contained in Gy, then = and y lie in the same
c-edge-connected component of Hy, i.e., they are connected in Hy \ S by |S| < ¢. Otherwise, since
D =G\ Gy, we have zy € D\ S, so x and y are connected in G, \ S as well. This contradicts the
fact that x and y are disconnected in G, \ S.

Now, let u,v € V. If u and v are c-edge-connected in a subgraph of G, in particular G., then
they are c-edge-connected in G. Conversely, if © and v are not c-edge-connected in G, then there is
a cut of size < ¢ separating them in G.. Such a cut is also a cut in G by the previous claim, so u
and v are not c-edge-connected in G either. This proves that the c-edge-connected classes of G and
G are identical. O
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Abstract

A k-edge connected component of a graph is a maximal k-edge con-
nected induced subgraph. Let k > 1 be an integer. We prove that the
number of k-edge connected components of a simple graph on n vertices
with minimum degree (2 + ¢)(k — 1),e > 1/(k — 1), is at most 5. We
further prove that this bound is tight in two ways. First, for every k > 1
and € > 1/(k — 1) there exist a simple graph on n vertices with minimum
degree (2+¢)(k—1) and at least 3% k-edge connected components. Hence,
the bound is asymptotically tight in € and k. Second, the limit at 2(k — 1)
is significant since for every 0 < v < 1 there exists a simple graph on n
vertices with minimum degree 2(k — 1) and at least yn k-edge connected
components, while every simple graph on n vertices with minimum degree
2k — 1 has at most jn k-edge connected components.

2k
3k

1 Introduction

Throughout this paper, G = (V, E) denotes an undirected simple graph with
vertex set V' and edge set E. A central notion in graph theory is the notion of
k-edge connectivity. Two distinct vertices u, v of a graph G are k-edge connected
if there exist k pairwise edge-disjoint paths connecting them. Equivalently, u
and v are k-edge connected if they cannot be disconnected by removing < k
edges from G. A graph G is k-edge connected if every pair of distinct vertices
of G are k-edge connected. Equivalently, a graph G is k-edge connected if after
the removal of any set of < k edges, G is still connected. Note that by this
definitions, the trivial graph is k-edge connected.

Our main objects of study are the k-edge connected components of G. We
shall define a k-edge connected components of a graph G to be a maximal k-
edge connected induced subgraph of G, i.e., H is a k-edge connected component
of G if H = G[U] for some vertex subset U C V and for every strictly larger
vertex subset, U C U’ C V, H' = G[U'] is not k-edge connected. Note that
each vertex v of G is contained in a k-edge connected component since v by
itself constitutes a k-edge connected induced subgraph of G. We call a k-edge
connected component consisting of a single vertex a trivial k-edge connected



component. The k-edge connected components of a graph G partitions the
vertices of G.

Remark 1. In the literature, the k-edge connected components of a graph some-
times refers instead to the equivalence classes of vertices generated by k-edge
connectivity, i.e., considering two vertices equivalent if they are k-edge con-
nected. It is important to keep in mind that whenever k > 2, these two views of
k-edge connected components are not equivalent.

Whenever a graph with a fixed number of vertices contains sufficiently many
edges, non-trivial k-edge connected components begin to emerge. This is the
content of a classical result by Mader.

Theorem 1 (Mader [1]). Let k and n > k be positive integers. Every graph on
n vertices and strictly more than (k — 1)(n — k/2) edges contains a non-trivial
k-edge connected component. Furthermore, there exists a graph on n wvertices
and (k—1)(n—k/2) edges containing only trivial k-edge connected components.

In this exposition, we consider a related question, establishing a connection
between the minimum degree and the number of k-edge connected components
of a graph. Let k£ > 1 be an integer and G be a graph on n vertices. Our main
result, stated as Theorem 2, is that if G has minimum degree (2 +¢)(k — 1) for
any € > 0, then G contains at most 160—,@" distinct k-edge connected components.

We further show that this bound is tight in two ways. First, the upper
bound is tight asymptotically since for every integer k¥ > 1 and ¢ > 1/(k — 1)
there exists a graph G with some n vertices and at least 57 distinct k-edge
connected components, proven in Theorem 5. Second, the limit at 2(k — 1)
is natural in the sense that for every 0 < v < 1 there exists a simple graph
on n vertices with minimum degree 2(k — 1) and at least yn k-edge connected
components, proven in Proposition 3. Furthermore, every graph on n vertices
with minimum degree 2k — 1 has at most 2k=1pn, k-edge connected components,

3k—1
proven in Proposition 4.

Remark 2. The main focus of this paper is to establish the asymptotic num-
ber of k-edge connected components as a function of the minimum degree and
furthermore to establish a natural limit at minimum degree 2(k — 1). Thus, the
constants stated in the theorems of this paper are almost certainly not optimal.
We leave it as an open problem to improve upon them.

2 Preliminaries

For every n € N, we denote by [n] the set {1,...,n}.

A cut of a graph G = (V, F) is formally a partition of the vertices into
disjoint subsets V' = V; U V5. However, we shall often identify a cut with its
cut-set, the edges of G connecting the two sides of the cut, V7 and V5. In this
vein, we shall call a cut non-trivial if the cut-set is non-empty and refer to the
size of a cut by the size of its cut-set. Furthermore, we shall often discuss cuts



of a connected component C' of G. When doing so, we only care about the
partition of the vertices of C' and the edges of C crossing the partition. Lastly,
a minimum cut of a graph G or a connected component of G is a non-trivial
cut where the cut-set has minimal size, i.e., there is no non-trivial cut with a
smaller cut-set.

3 Bound on k-Edge Connected Components

In this section, we prove our main result, an upper bound on the number of
k-edge connected components of a graph by its minimum degree. First, two
simple lemmas.

Lemma 2. Let G = (V, E) be a graph and let A C'V be a non-empty subset of
vertices. Suppose that every vertexr of A has degree at least § and that strictly
less than § edges leave A. Then |A| > 6 + 1.

Proof. We prove the contrapositive statement. Suppose that 1 < |[A| =t < 6.
Then every vertex of A has at least 6 —t + 1 incident edges leaving A. Thus, at
least t(6 —t+ 1) > 0 edges leave A. O

Lemma 3. Let G be a graph on n vertices and q k-edge connected components.
Then G contains at most (k — 1)(q — 1) edges that connect distinct k-edge con-
nected components of G.

Proof. Remove non-trivial cuts of G of size < k until no such cut remains.
What is left is exactly the k-edge connected components of G. The removal of a
non-trivial cut increases the number of components by at least one, so at most
q — 1 cuts were removed. Furthermore, every cut contained at most k£ — 1 edges.
Hence, at most (kK — 1)(¢ — 1) edges were removed from the graph and none of
the remaining edges connect distinct k-edge connected components of G. O

With this at hand, we proceed with the main theorem of the section.

Theorem 4. Let k > 1 be an integer and € > 0. FEvery graph on n wvertices
with minimum degree (2 + €)(k — 1) has at most ‘52 distinct k-edge connected

components.

Proof. Let G be a graph on n vertices of minimum degree § > (2 +¢)(k — 1).
We may assume n > 2k > 4.

Consider the following process of repeatedly deleting non-trivial cuts of size
< k from G until no such cuts remain. Let Gy = G and for i > 0, if GG; contains
a vertex v of minimum positive degree and the degree of v is strictly less than
k, remove the edges incident to v in G; to obtain the graph G;i1; else, if G;
contains a component with a minimum cut with cut-set S of size 0 < |S| < k,
let Gi+1 = G;\ S; and finally, if no such cut exists, then all components of G;
are k-edge connected and the process terminates. We call the removal of all
edges incident to a single vertex v, corresponding to the first case, a vertex cut
and the vertex v the center of the vertex cut. Furthermore, the removal of a cut



of a component, corresponding to the second case, is called a non-vertex cut.
When the process terminates after some t steps, the remaining components, the
components of the graph Gy, are the k-edge connected components of G.

Claim 1. Strictly less than { J non-vertex cuts occur in the process.

n_
E+1
Proof. The key observation is the following. Suppose that a non-vertex
cut occurs during the process, dividing a component C' of G; into two
new components C7 and Cs in G;41 by the removal of a cut of size < k.
Note that the component may only break into two new components since
non-vertex cuts are minimum cuts. Now, since no vertex cut occurred,
every vertex of C7 and Cs has degree > k in G;. Hence, |C4],|Ca] > k+1
by Lemma 1 as strictly less than k edges leave C; and Cy, respectively, in
G;.

We now proceed by strong induction on n. Define a(n) = {#J —1 and let

b(n) denote the maximum number of non-vertex cuts that may occur for
a graph with n vertices. By the observation above, it immediately follows
that a(n) =0 for k <n <2k+1 and a(n) =1 for 2k +2 <n < 3k + 2.
Thus, b(n) < a(n) for n < 3k + 2 as desired.

Let G be a graph on n > 3k+2 vertices and suppose that b(m) < a(m) for
all m < n. Running the above process on G, there are three cases. If the
process terminates immediately, there is nothing to prove. If the process
starts with a vertex cut, then G experiences no more than b(n — 1) <
a(n — 1) < a(n) non-vertex cuts and we are done. Finally, if the process
starts with a non-vertex cut, G is divided into two components C; and Cy
each on at least k + 1 vertices. The number of additional non-vertex cuts
occurring in the process is now at most b(|C4|) + b(|C2]). It follows by the
induction hypothesis that the total number of non-vertex cuts is at most

|C1] (&
< a2 B B 2 I B
1+b(|Cl|)+b(|02|)_1+Lchl 1+ ) 1
< |C1| + |Ch] 1
- k+1
= a(n).
The conclusion follows. |

Suppose that C' = {v} is a trivial k-edge connected component of G, and let
7 > 1 be such that v is an isolated vertex of G; but not of G;_;. The vertex
v has degree < k in G;_; as it can be isolated by removing < k edges. Hence,
G; was produced by a vertex cut. It follows that any trivial k-edge connected
component of G is isolated during a vertex cut. This observation along with
Claim 1 yields the following.



Claim 2. The graph G contains strictly less than
connected components.

W trivial k-edge

Proof. For i > 0 and v a vertex of G, let x! denote the number of edges of
G incident to v that are not present in G;. Furthermore let W; be the set
of non-isolated vertices of G; and y; = ZUEW . Finally, denote by by I;
the set of vertices of G that are isolated in G; but not in G,_;. Initially,
yo = 0 and 20 = 0 for every vertex v.

Let ¢ > 1. If a non-vertex cut occurs as step i, at most k — 1 edges are
removed from G;_1, so y; < y;—1 + 2(k — 1). Furthermore, |I;| = 0 by the
remark preceding the claim. If a vertex cut occurs, at most k—1 edges are
removed and the vertices of I; are isolated, so y; < y;_1 —Zveli xffl—l—k—l.
Since each v € I; has degree at most k — 1 in G;_1,

> 24e)(k-1)—(k—1)> 1 +e)(k—1).
Thus,
Vi <yio1 — Ll (L4+e)(k=1)+k—-1<yi1 — |L|e(k-1),
where the last inequality follows as |I;| > 1.

To sum up, for every non-vertex cut y; is increased by at most 2(k — 1),
and for every vertex isolated, y; is decreased by at least £(k — 1). Since
y; is never negative, it follows that the number of vertices isolated cannot
exceed 2(k —1)/(e(k — 1)) = 2/e times the number of non-vertex cuts.
The conclusion follows from Claim 1. |

Let C denote the k-edge connected components of G. Partition C as C =
C1 UCy U C3, where C; contains the trivial k-edge connected components of G;
Co contains every component C' € C with £k +1 < |C| < (2+4¢)(k—1); and Cs
contains every component C' € C with |C| > (2 + ¢)(k — 1). This is indeed a
partition since no k-edge connected (simple) graph contains strictly between 1
and k + 1 vertices. From Claim 2 it follows that |C1| < z-:(k+1) Furthermore,

by the size of the components, it trivially holds that |C3] < W < ‘;Z
Thus, it only remains to bound the size of C5. To that end, denote by D the
vertices of G that have degree < (1+¢/2)(k—1) in G;. Each of them is incident
to > (1+¢/2)(k — 1) edges of G that are not present in G;. By Lemma 2, at

most (k — 1)(n — 1) edges of G are not present in G;. It follows that
D] < 2(k-=1)(n—-1) o _2n

T (1+e/2)(k—1) ~ 1+4+¢/2 —

For every C' € Cs, every vertex of C is contained in D. Hence, as each C' € Cy

has size at least k + 1, |Ca| <

<dn/e.

s(k+1)
In conclusion, G has at most
2n in 4n _ 10n
C C Csl < 20 2
Col +1C| +1Gs] = e(k+1) +e(k—|—1) +5k: ~ ek
distinct k-edge connected components. O



4 On Tightness

The limit at minimum degree 2(k — 1) proposed by the theorem is in fact tight
in the following sense. For fixed k > 1, there is a constant § < 1 such that every
graph on some n vertices with minimum degree 2k — 1 has at most én distinct
k-edge connected components. However, there is no such constant for graphs of
minimum degree 2(k — 1). This is laid out in the following two propositions.

Proposition 5. If G has minimum degree 2k — 1, the number of k-edge con-

nected components is at most g,’z—jn

Proof. Let G be a graph with minimum degree 2k — 1. Denote by ¢ the number
of k-edge connected components of G and by ¢ the number of trivial k-edge con-
nected components of G. Every trivial k-edge connected component is adjacent
to at least 2k — 1 edges of G that connect distinct k-edge connected compo-
nents of G. Since each such edge connects at most two trivial k-edge connected
components, it follows by Lemma 2 that ¢(2k — 1) < 2(k — 1)(¢ — 1). Hence,
¢ < q(1—1/(2k —1)). Furthermore, each non-trivial k-edge connected compo-
nent contains at least k+ 1 vertices, so ¢ < £+ (n—¥¢)/(k+1). Combining these
inequalities, we find that

colio L V(1o L),
=49 2% — 1 F+1) Tkl

Rearranging terms yields g < gllz—jn as desired. ([l

Proposition 6. For every integer k > 1 and real v € (0,1) there exists n € N
and a graph G on n vertices satisfying that G has minimum degree 2(k — 1) and
the number of k-edge connected components of G is at least yn.

Proof. We construct the graph G, illustrated in Fig. 1. Let C4,...,Cy and
Dy, ..., Dy be copies of Ko_1, the complete graph on 2k — 1 vertices, and for
each i € [k], let ¢; be a distinguished vertex of C; and d; a distinguished vertex
of D;. Furthermore, for each i € [k] and j € [s], add an additional vertex v; ; to
Gs. Denote by Vj the set {¢;}F_,, by Vi1 the set {d;}%_,, and for each j € [s],
denote by V; the set {v; ;}¥ ;. Introduce edges such that for every j € [s + 1],
the induced subgraph on V;_; UV, is a (k — 1)-regular bipartite graph with
independent sets V;_; and Vj.

Now, G, contains n = 2k(2k — 1) 4 sk vertices, and every vertex of G, has
degree at least 2(k — 1). We proceed to count the number of k-edge connected
components of G,. First, observe that each of the subgraphs C1,...,Cy and
Dq,...,Dy is a k-edge connected component of G, since it has k — 1 edges
on its boundary. Second, removing these components from G, it is clear that
each vertex of V4 or V} is by itself a k-edge connected component of G since all
these vertices now have degree k£ — 1. Finally, continuing to remove k-edge con-
nected components in this manner, it is clear that each vertex of {v; ; }icx], je(s]
is a k-edge connected component of Gs. Hence, the number of k-edge con-
nected components of G is (s 4+ 2)k. Thus, G contains yn k-edge connected
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Figure 1: An illustration of the graph G, ; from the proof of Proposition 4.

components, where

B (s +2)k 542
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Since v — 1 as s — 00, the conclusion follows. O
Next, the result of Theorem 2 is asymptotically tight in terms of ¢ and k.

Theorem 7. For every integer k > 1 and every e > 1/(k—1) there existsn € N
and a graph G with n vertices, minimum degree > (2 + ¢)(k — 1), and at least

50 distinct k-edge connected components.

Proof. For each s > 2, we construct a graph Hy similar to the graph G from the
proof of Proposition 4. Let the sequence (n;);>o be given by n; = L(l + E)ZkJ
Starting from the empty graph, add the following to Hs. Let Ci,...,C,, and
Dy, ... Dy, be copies of K(g4); for each i € [ng], let ¢; be a distinguished vertex
of C;; and for each i € [ng], let d; be a distinguished vertex of D;. Furthermore,
for each j € [s — 1] and i € [n;], let v; ; be a vertex. Denote by Vj the set
{citieno), by Vs the set {d;}icpn.), and for each j € [s — 1], denote by V; the set
{vijtietn,;)

Insert edges as follows. For each j € [s], the induced subgraph of V;_; UV;
in Hy is a bipartite graph with independent sets V;_; and V; such that every
vertex of V; has degree k — 1 and every vertex of V;_; has degree at least
(1 4+ ¢&)(k —1). Such a bipartite graph is always possible to construct since
Vil =mn; > (1+¢e)n; = (1+¢)|V;_1]. It is then clear that every vertex of H,
has degree at least (2 +¢)(k — 1).



Now, let n denote the number of vertices of G5. Then

s—1
n=(no+ns)(2+e)k+ an

=1

<k((1+(1+5)S)(2+5)k+(1+€)(1+E):_1_1)

k((1+e)(2+e)k+1/e)+ A4),

where A = (2 + )k — (1 + €)/e. Furthermore, denote by ¢ the number of k-
edge connected components of H,. For every i € [ng], D; is a k-edge connected
component of Hy since it has k£ — 1 edges on its boundary. Removing D; from
H, for every i € [ns], it becomes clear that every v € V;_; is a trivial k-edge
connected components since it now has degree k — 1. Continuing to remove one
layer at a time, it is clear that for every j € [s — 1], every vertex of V; is a trivial
k-edge connected component. Finally, it follows that C; is a k-edge connected
component for every i € [ng], since removing each of the previously mentioned
k-edge components from G leaves each C; isolated. In conclusion,

s s ) 1 s+1
q:Znisz(l—Fe)Z—s—l:k‘&—s—l.

5 . €
=0 1=0
Combining the estimates for n and g,
E((Q+e)(2+e)k+1/e)+ A)
pare™
2+e)ek+1+cA/(1+¢e)°

(s=1)
L+e— (gljs)sk

n
=<
q

As s — 00, the last expression converges to

(24+¢e)ek +1

< 3ek.
1+4+¢

Hence, for s sufficiently large, n/q < 3¢k, which yields the conclusion. O
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—— Abstract

Let A be a convex body in the plane and A1, ..., A, be translates of A. Such translates give rise to an
intersection graph of A, G = (V, E), with vertices V = {1,...,n} and edges £ = {uv | A, N A, # 0}.
The subgraph G' = (V, E’) satisfying that E’ C E is the set of edges uv for which the interiors of
A, and A, are disjoint is a unit distance graph of A. If furthermore G’ = G, i.e., if the interiors of

A, and A, are disjoint whenever u # v, then G is a contact graph of A.

In this paper, we study which pairs of convex bodies have the same contact, unit distance, or
intersection graphs. We say that two convex bodies A and B are equivalent if there exists a linear
transformation B’ of B such that for any slope, the longest line segments with that slope contained
in A and B’, respectively, are equally long. For a broad class of convex bodies, including all strictly
convex bodies and linear transformations of regular polygons, we show that the contact graphs of A
and B are the same if and only if A and B are equivalent. We prove the same statement for unit
distance and intersection graphs.
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1 Introduction

Consider a convex body A, i.e., a convex, compact region of the plane with non-empty
interior, and let A = {A;,..., A, } be a set of n translates of A. Then A gives rise to an
intersection graph G = (V,E), where V.= {1,...,n} and E = {uv | A, N A, # 0}, and a
unit distance graph G' = (V, E'), where uv € E’ if and only if uv € E and A, and A, have
disjoint interiors. In the special case that G = G’ (i.e., the convex bodies of A have pairwise
disjoint interiors), we say that G is a contact graph (also known as a touch graph or tangency
graph). Thus, A defines three classes of graphs, namely the intersection graphs I(A), the
unit distance graphs U(A), and the contact graphs C'(A) of translates of A.
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Q A /Q 4> /
As

Figure 1 Translates of a convex body not having the URTC property. The disk A3 can “slide”
along A1 and AQ.

Figure 2 Reuleaux triangle (left), ellipse (middle), and regular hexagon (right).

The study of intersection graphs has been an active research area in discrete and com-
putational geometry for the past three decades. For instance, numerous papers consider
the problem of solving classical graph problems efficiently on various classes of geometric
intersection graphs; see Section 1.1 for some references. Meanwhile, the study of contact
graphs of translates of a convex body has much older roots. It is closely related to the
packings of such a body, which has a very long and rich history in mathematics going back
(at least) to the seventeenth century, where research on the packings of circles of varying
and constant radii was conducted and Kepler famously conjectured upon a 3-dimensional
counterpart of such problems, the packing of spheres.

In this paper we investigate the question of when two convex bodies A and B give rise
to the same classes of graphs. We restrict ourselves to convex bodies A that have the
URTC property (unique regular triangle constructibility). This is the property that given two
interior disjoint translates A;, A of A that touch, there are exactly two ways to place a third
translate Az such that Aj is interior disjoint from A; and As, but touches both. Convex
bodies with the URTC property include all linear transformations of regular polygons except
squares and all strictly convex bodies [15]. Thus, almost all convex bodies in a measure
theoretic sense have the property [15, 18, 30]. A convex body without the property must
have a sufficiently long line segment on the boundary (to be made precise in Section 1.3); see
Figure 1 for an example.

The main result of the paper is summarized in the following theorem.

» Theorem 1. Let A and B be convex bodies with the URTC property. Then each of the
identities I(A) = I(B), U(A) = U(B), and C(A) = C(B) holds if and only if the following
condition is satisfied: there is a linear transformation B’ of B such that for any slope, the
longest segments contained in A and B’, respectively, with that slope are equally long.

If the condition from the theorem is satisfied, we say that A and B are equivalent. The
length of the longest segment with a given slope contained in a convex body A is often called
the width of A in the corresponding direction. A circle has constant width but there are
other convex bodies of constant width, the simplest example being the Reuleaux triangle;
see Figure 2. As an example it follows from the theorem that circles and Reuleaux triangles
have the same contact, unit distance, and intersection graphs, which in turn are the same as
those for ellipses (ellipses are linear transforms of circles). It also follows that these classes
are different from those of regular hexagons.
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— 3GHz
9GHz
--- 15GHz

— 3GHz
9GHz
--- 15GHz

Figure 3 The strength of radiation in every direction and at various frequencies for two different
transmitters described in [25]. In engineering circles, this known as the radiation pattern.

e

Figure 4 When the reachable region of a device is symmetric and the devices are oriented in the

same way, a communication network is the intersection graph of the reachable region scaled by 1/2.

Left: A network of five identical devices with the reachable regions shown. Right: The intersection
graph of the reachable regions scaled by 1/2.

1.1 Practical Implications

From a practical point of view, the research on intersection graphs is often motivated by the
applicability of these graphs when modeling wireless communication networks and facility
location problems. If a device is located at some point in the plane and is able to transmit to
and receive from all other devices within some distance, then the devices can be represented
as unit disks in such a way that two devices can communicate if and only if their disks
overlap. Many highly-cited papers gave this motivation for studying unit disk intersection
graphs [9, 14, 16, 21, 29] and it remains a motivation for new research [7, 12, 13, 24].

However, it is in general not the case that a transmitter emits an equally strong signal
in all directions. For a real-world example of how the signal strength may vary in different
directions; see Figure 3. If the networks that can be made with devices of a given type are not
the unit disk intersection graphs, the algorithms for unit disk graphs cannot be expected to
work when applied to the actual networks. It is therefore necessary to study how the possible
networks that can be made with devices of different types depend on the radiation pattern
of the devices. See Figure 4 for a demonstration of the connection between communication
networks of a device with a non-circular radiation pattern and intersection graphs of the
corresponding convex body.

3:3
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1.2 Other Related Work

An important notion in the area of contact graphs is that of the Hadwiger number of a
body K, which is the maximum possible number of pairwise interior-disjoint translates K;
of K that each touch but do not overlap K. The Hadwiger number of K is thus the maximum
degree of a contact graph of translates of K. In the plane, the Hadwiger number is 8 for
parallelograms and 6 for all other convex bodies. We refer the reader to the books and
surveys by Lészlé and Gabor Fejes Téth [28, 10] and Béroczky [3].

Another noteworthy result on contact graphs is the Circle Packing Theorem (also known
as the Koebe-Andreev—Thurston Theorem): A graph is simple and planar if and only if it is
the contact graph of some set of circular disks in the plane (the radii of which need not be
equal). The result was proven by Koebe in 1935 [19] (see [11] for a streamlined, elementary
proof). Schramm [26] generalized the circle packing theorem by showing that if a planar
convex body with smooth boundary is assigned to each vertex in a planar graph, then the
graph can be realized as a contact graph where each vertex is represented by a homothet
(i.e., a scaled translation) of its assigned body.

Several papers have compared classes of intersection graphs of various geometric objects,
see for instance [4, 6, 8, 17, 20]. Most of the results are inclusions between classes of
intersection graphs of one-dimensional objects such as line segments and curves.

A survey by Swanepoel [27] summarizes results on minimum distance graphs and unit
distance graphs in normed spaces, including bounds on the minimum/maximum degree,
maximum number of edges, chromatic number, and independence number.

In the area of computational geometry, Miiller, van Leeuwen, and van Leeuwen [23]
gave sharp upper and lower bounds on the size of an integer grid used to represent an
intersection graph of translates of a convex polygon with corners at rational coordinates.
Their results imply that for any convex polygon R with rational corners, the problem of
recognizing intersection graphs of translates of R is in NP. On the contrary, it is open
whether recognition of unit disk intersection graphs in the Euclidean plane is in NP. Indeed,
the problem is IR-complete (and thus in PSPACE), and using integers to represent the center
coordinates and radii of the disks in some graphs requires exponentially many bits [5, 22].

Bonnet, Grelier, and Miltzow [2] showed how well-known algorithms for the clique
problem in unit disk intersection graphs and disk intersection graphs can be adjusted to
work for intersection graphs of translates or homothets of an arbitrary centrally symmetric
convex body.

1.3 Preliminaries

We begin by defining some basic geometric concepts and terminology.
For a subset A C R? of the plane we denote by A° the interior of A, that is,

A° = {x € A| 3 open U C R? such that {z} C U C A}.

We say that A is a convex body if A is compact, convex, and has non-empty interior. We
say that A is symmetric if whenever z € A, then —z € A. It is well-known that if A is a
symmetric convex body, then the map |-|| , : R? = Rx( defined by

||, = inf{\ > 0] z € AA},

is a norm. Moreover A = {z € R? | ||z|, <1} and A° = {z € R? | ||z||, < 1}.

It follows from these properties that for translates A1 = A+ v; and Ay = A + vy it
holds that A; N Ay # 0 if and only if [jvy —val|, < 2 and A N A3 # 0 if and only if
|lvr —val| 4 < 2. This means that when studying contact, unit distance, and intersection
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graphs of a symmetric convex body A, we can shift our viewpoint from translates of A to point
sets in R? and their ||-|| ,-distances: If A C R? is a set of points we define I4(A) and Ua(A)
to be the graphs with vertex set A and edge sets {(z,y) € A? | x # y and ||z — y|la < 2}
and {(z,y) € A% | ||z — y||a = 2}, respectively. Moreover, if for all distinct points z,y € A it
holds that ||z — y||a > 2, we say that A is compatible with A and define C4(A) to be the
graph with vertex set A and edge set {(x,y) € A% | ||z —y|la = 2}. Then I4(A),U4(A), and
Ca(A), respectively, are isomorphic to the intersection, unit distance, and contact graph of A
realized by the translates (A+a),c4. When studying contact, unit distance, and intersection
graphs of a symmetric, convex body A we will view them as being induced by point sets
rather than by translates of A.

We say that a (not necessarily symmetric) convex body A in the plane has the URTC
property if the following holds: For any two interior disjoint translates of A, A; and As,
satisfying A; N As # (), there exists precisely two vectors v € R? such that for i € {1,2},
(A+v)°NA? =0 but (A+v)NA; # 0. If A is symmetric, this amounts to saying that for any
two points vy, vy € R? with [|v; — 2 4 = 2, the set {v € R? | lv —v1]| 4 = [[v — va[ 4, = 2}
has size two. Gehér [15] proved that a symmetric convex body A has the URTC property if
and only if the boundary 0A does not contain a line segment of length more than 1 in the
I]| 4-norm. See Figure 1 for an example of a convex body not having the URTC property.

A drawing of a graph G € I(A) as an intersection graph of a symmetric convex body A
is a point set A C R? and a set of straight line segments £ such that I4(A) is isomorphic to
G and L is exactly the line segments between the points u,v € A which are connected by an

edge in G. We define a drawing of a graph G as a contact and unit distance graph similarly.

For a norm ||-|| on R? and a line segment ¢ with endpoints a and b we will often write
1] = |lab|| instead of ||a — b||. Also, if A is a symmetric convex body and U,V C R?, we
define do (U, V) := inf{||uv| 4 | (u,v) € U x V'}.

1.4 Structure and Techniques of the Paper

Establishing the sufficiency of the condition of Theorem 1, i.e., showing that if A and B are
equivalent then I(A) = I(B), U(A) = U(B), and C(A) = C(B), is relatively straightforward
and has been deferred to the full version of the paper. It is also relatively easy to reduce
Theorem 1 to the case where the convex bodies are symmetric so this too is deferred to
the full version. When both A and B are symmetric, they are equivalent according to the
condition of Theorem 1 if and only if they are linear transformations of each other.

Thus, left with the task of proving the necessity of the condition of Theorem 1 in the
symmetric case, we proceed in two steps. First, in Section 2, we prove the following result,

which for contact and unit distance graphs is a generalization of this direction of Theorem 1.

» Theorem 2. Let A and B be symmetric convex bodies with the URTC property such
that A is not a linear transformation of B. There exists a graph G € C(A) such that
for all H € C(B) and all subgraphs H' C H, G is not isomorphic to H'. In particular
C(A)\ C(B) #0.

As we will also discuss in Section 2 the same result holds if C'(X) is replaced by U(X)
for X € {A, B} everywhere in the theorem above and the proof is identical.

The core idea in proving Theorem 2 is to consider a graph G satisfying that any drawing
of G as a contact graph of A has certain structural properties. Concretely, we ensure that
any drawing of G as a contact graph of A consists of many large hollow hexagons. In the
interior of each hexagon, we force there to be a “bridge” of translates of A connecting the
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sides of the hexagon. We show that if B is not a linear transformation of A, then the contact
graph cannot be realized by translates of B if we make sufficiently many and sufficiently
large hexagons with bridges of different slopes. See Figures 6 and 7 for illustrations.

To include intersection graphs, we proceed with the second step. In Section 3, we prove
the following result which combined with Theorem 2 immediately yields the necessity of the
condition of Theorem 1 for intersection graphs.

» Theorem 3. Let A and B be symmetric convex bodies. If there exists a graph G € C(A)
such that for all H € C(B) and all subgraphs H' C H, G is not isomorphic to H', then

I(A) £ I(B).

This result holds for general symmetric convex bodies. An improvement of Theorem 2 to
general symmetric convex bodies (not necessarily having the URTC property) would thus
yield a version of Theorem 1 that also holds for general convex bodies.

In order to prove Theorem 3, we proceed as follows. For every positive integer k we
construct a gadget Qy € I(A) which contains as a subgraph a distinguished cycle ap C Q.
We prove that in any drawing of @ as an intersection graph of translates of A, a, is contained
in a translation of the annulus kA \ (k — 1)A (here, kA = {ka | a € A} is the scaling of A by
k). This allows us to view ay as an upscaled copy of the boundary of A with a precision
error decreasing in k. Similarly, in any drawing of the same gadget (); as an intersection
graph of another body, B, the cycle aj, appears as an upscaled copy of B. The idea is then
to simulate a contact graph G € C(A) using distinct copies of Qg, where each copy plays
the role of a single vertex in G. If A is not a linear transformation of B, we can choose G
with the properties promised in Theorem 2. We are then able to prove that if we choose k
sufficiently large (i.e., obtaining sufficiently high resemblence between «j and an upscaled
copy of A resp. B), then we can realize the simulation of G as an intersection graph using
translates of A, but not using translates of B. This then implies I(A) # I(B) as desired.

Beyond aiding us in the proof of our main theorem, we believe that this proof technique —
the reduction from intersection to contact graphs — is of independent interest. It appears a
novel approach with the potential to answer other questions on intersection graphs.

2 Contact and Unit Distance Graphs

In this section we prove Theorem 2. The proof for unit distance graphs is completely identical
so we will merely provide a remark justifying this claim by the end of the section.

Throughout the section A and B will denote symmetric convex bodies. For 0 € [0, 27)
we define e4(6) to be the vector of argument 6 and with |ea(#)| , = 1. We also define
pa(0) = 2|lea(d)|l,- Then pa(f) can be thought of as the “diameter” of A in direction 6.
One of our most important tools is the following lemma.

» Lemma 4. Let A, B be symmetric convex bodies in R?. If for every finite set © C [0,7) and
Jor every e > 0, there exists a linear map T': R* — R? satisfying that |prp)(0) — pa(0)] < e
for all 6 € ©, then there exists a linear map T: R? — R? with T(B) = A.

Due to space limitations we have left out the proof, but it can be found in the full version.
We proceed to describe certain lattices which give rise to contact graphs that can only be
realized in an essentially unique way. We start with the following definition.

» Definition 5. Let A C R? be a symmetric convezr body, and |-|| 4 the associated norm.
Let e1,ea € R? be such that |e1]| 4, = |leall4 = |le1 —e2ll4 = 2. We define the lattice
/.3,4(61,62) = {a161 + asges | (al,ag) c ZQ}.
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Figure 5 A symmetric convex body A and the sets 3 conv(Sa) and conv(Sa) (blue and green
respectively) which satisfies 3 conv(Sa) C A C conv(Sa).

The left hand side of figure Figure 6 illustrates the lattice structure. Let us assume that
A has the URTC property and describe a few properties of the lattice L£4(e1,e2). After
choosing e; with ||e1||a = 2, there are precisely two vectors v with ||v]|a = |[v — e1]|la = 2,
using the URTC property. If one is vy the second is e; — vo so regardless how we choose
e we obtain the same lattice. Using the triangle inequality and the URTC property of A
it is easily verified that for distinct x,y € La(e1,e2), || — ylla > 2 with equality holding
exactly if x —y € Sa := {e1,e2,e9 — €1,—€1, —€a,e1 — e2}. This implies that the contact
graph Go := Ca(La(e1,e2)) is in fact (isomorphic to) an infinite triangular grid.
Another useful fact is the following;:

» Lemma 6. With Sa as above it holds that 1 conv(S4) C A C conv(S4). Here conv(Sa)
is the convex hull of Sx. If in particular B is another symmetric convex body for which
leillg = lle2llg = llex — e2llg = 2, then for all x € R? it holds that % Izl 4 < Nzl g < 2z 4-

Proof. See Figure 5. As 1S4 C A and A is convex the first inclusion is clear. For the
second inclusion we note that all points y on the hexagon connecting the points ej, e, 5 —
e1,—e1, —ea,e1 — eg of Sy in this order have ||y||a > 1 by the triangle inequality and so
A C conv(Sy).

For the last statement of the lemma note that if z € R? then

1
> i _ . > i _1
lz|lz > i%%{x € Aconv(Sg)} i%%{x € Aconv(S4)} > }\gfo{x € 2)A} 5 lz]| 4,

and similarly ||z 4 > %|z| 5. <

» Definition 7. We say that a graph G = (V, E) is lattice unique if |V| =n > 3 and there
exists an enumeration of its vertices vy, ...,v, such that
The vertex induced subgraph Glvy,vq,v3] ~ K3 is a triangle.
For i > 3 there exists distinct j,k,l < i such that Gv;,vi,v] ~ K3 and both (v;,v;) and
(vi, vg) are edges of G.

Suppose that A is a symmetric convex body with the URTC property, that A C R?
is compatible with A, and that G = C4(A) is lattice unique. Enumerate the points of
A ={vy,...,v,} according to the definition of lattice uniqueness. Without loss of generality
assume that v1 = 0. Then the URTC property of A combined with the lattice uniqueness of G

gives that vy, ..., v, are uniquely determined from vy and vs and all contained in £ 4 (va, v3).

If moreover B is another convex body with the URTC property, B = {v},...,v,,} C R?
has v{ = 0 and is compatible with B, and Cp(B) ~ C4(A) via the graph isomorphism
¢ : vl +— v;, then the linear map T : R? — R? defined by T : a1v} + agv} — a1v2 + agvs
satisfies that T'|g = ¢.

We will use this observation in the proof of Theorem 2 which we now provide.
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Figure 6 Left: The points of Hs along with the corresponding lattice unique subgraph Go[Hs].
Right: The attachment of the beam By (£).

Proof of Theorem 2. We choose e, e2 € R? be such that |ei]a = ||e2]la = ||e1 — ealla =2
and define the lattice £ := L4(e1, e3). We also define the infinite graph Go := C4(£) which
by the remarks following Definition 5 is isomorphic to the infinite triangular grid. Without
loss of generality we can assume that e; and eq satisfy that |le1|l2 = [le2]l2 = |lex — e2]l2 = 2,
since there exists a non-singular linear transformation T' such that || T(e1)|l2 = || T (e2)]]2 =
T (e1) —T(e2)||2 = 2, and C(A) = C(T(A)). Note that in this setting we can use Lemma 6
to compare A to the disk of radius 1 and obtain 1|z < ||z[4 < 2|2 for every z € R2.
We will construct G by specifying a finite point set A C R? compatible with A and define
G = C4(A). The construction of A can be divided into several sub-constructions. We start
by describing a hexagon of points Hy, for k € N which satisfies that C4(Hy) is lattice unique.

» Construction 8 (#j). For an illustration of the construction see the left-hand side of
Figure 6. For z,y € L we write d(x,y) for the distance between x and y in the graph Gy,
and for k € N we define Hy = {z € £ | d(x,0) € {k,k + 1}}.

Using that Gy is the infinite triangular grid, it is easy to check that Go[Hy] is a lattice
unique graph by specifying an enumeration of its vertices satisfying the condition in Defin-
ition 7. Moreover, using that e; and eq satisfy ||e1]2 = [lez]l2 = |le1 — e2]l2 = 2 it follows
that the points {z € L | d(z,0) = k} C Hj lie on a regular hexagon Hj, whose corners have
Euclidean distance exactly 2k to the origin. In particular any point p € Hy, has ||p||2 > V/3k,
and thus ||p||la > @k by Lemma 6.

For a given € [0,7) and ¢ € N we will construct a set of points By(¢) C R? compatible
with A which constitute a “beam” of argument 6:

» Construction 9 (By({)). See Figure 6 (right). Let ey € R? be the vector of argument
0 with ||eg)la = 2, and let fp € R? be such that ||fs]|la = ||fo — eolla = 2 (by the URTC
property we have two choices for fy). For a given £ € N we define

Bo(0) ={aeg |ac{—L,....0 yU{aeg+ fo|lac{—C ...,0 —1}}

As By(¢) C La(eq, fo) it is compatible with A. Moreover it is easy to specify an enumeration
of the vertices of C'(By(¢)) showing that it is lattice unique.

For a given k we want to choose ¢ as large as possible such that By (¢) “fits inside” Go[Hp].
We then wish to “attach” By(f) to Go[H}] with extra points S, the number of which does
neither depend on k nor on §. We wish to do it in such a way that A¥(0) := By (£)UGo[H1]US
is compatible with A. The precise construction is as follows:
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Figure 7 The final point set A where the point sets C,(6) are “glued” together by translating
them such that the contact graph realized by the union of the subsets Hi C Ci(6) is lattice unique.

» Construction 10 (Ci(f)). See Figure 6 (right). Consider the open line segment Ly =
{reg | ¥ € (—Tmax, max)} wWhere rp.x is maximal with the property that for all points
x € Lp and all y € Hj, it holds that ||z — y||a > 4. Also let £ € N be maximal such that
{aeg | a € {—4,...,l}} C Lg. Note that

4 < da({lep}, H;) < 6. Observe moreover that ¢ > %kz — 3 as the points p € H; have
Iplla > ?k. In particular we have the following property which we highlight for later use:

12 k
If k > ——— it holds that ¢ > 1 (1)

V3-1

When ¢ is chosen in this fashion, we have that By(¢) is contained in the interior of Hj.

Now, By(¢) will constitute our beam in direction § and we will proceed to show that we can
attach it to Hy, as illustrated, using only a constant number of extra points. That this can
be done is conceptually unsurprising but requires a somewhat technical proof.

We define S1(6) to be extra points going from the boundary of Hj and z{ to be the extra
point which connects By(¢) and Sy (6). This attaches one end of the beam, By(¢), to Hy, and we
similarly define S»(#) and z§ to attach the other end. See Figure 6 (right). In the full version
we show that |S;(6)| < 13 for i € {1,2}. Letting Cx(6) = Hir UBs(£) US1 (0) US2(0) U {2, 25}
be the combination of the components completes the construction.

We are now ready to construct A which will consist of several translated copies Ci(0).

» Construction 11 (A). By Lemma 4 we can find an ¢ € (0,1) and a finite set of directions
© C [0, 7) such that for all linear maps 7' : R? — R? there exists § € © such that

pa(d)
PT(B) (9)

1‘ >e. (2)

That we can scale the deviation to be multiplicative rather than additive is possible because
0 < infpefo,x) pa(0) < supgejo ny pa(f) < oo

For each 6 € © we construct a copy of C(0) = HirUBy(£)US:1(0)US2(0)U{2Y, 2§} where k
is yet to be fixed (¢ is of course determined by k and ). We then choose translations ty € R?
for each 6 € © such that the sets (Hx +19)oco are pairwise disjoint, and (Jycq (Hr +1t9) C R2
is compatible with A and induces a lattice unique contact graph. We can choose (t9)gco
in numerous ways to satisfy this. One is depicted in Figure 7. Another is obtained by
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enumerating © = {61, ...,0,} and defining ¢y, = ((2k +3)es — (k+ 1)ea) x (i — 1). The exact
choice is not important and picking one, we define A(k) = (Jyce(Cr(€) + tg) which is a point
set compatible with A. Lastly, we set A = A ({@])

€

We are now ready for the final step of the proof:

Proving that no graph in C(B) contains a subgraph isomorphic to G = C4(.A).

Suppose for contradiction that there exists a set of points B C R? such that G is isomorphic
to a subgraph of C(B). We may clearly assume that |A| = |B| and we let ¢ : A — B be a
bijection which is also a graph homomorphism when considered as a map C4(A) — Cp(B).
The points Jyeg (Hr + to) induce a lattice unique contact graph of A. Thus, we may write
Usco (Hr +tg) = {p1,...,pn} such that p1,ps and ps induce a triangle of G and such that
for ¢ > 3 there exist distinct j, k,l < ¢ such that p;,pr and p; induce a triangle and such
that (p;,pr) and (p;,p;) are edges of G. By translating the point sets .4 and B we may
assume that ¢(p1) = p; = 0. Then applying an appropriate linear transformation 7', thus
replacing B by T(B), we may assume that ¢(ps) = p2 and ¢(p3) = p3. Finally, the discussion

succeeding Definition 7 implies that in fact <p|U ) is the identity.

pco(Hrtto

As noted in Construction 11, there exists 6§ € © such that ‘p ;’ (AB()O()Q) — 1‘ > ¢. The outline
of the remaining argument is as follows: The Euclidean distance between the “endpoints
of the beam By(¢) is 2¢pa(f), but the rigidity of (Jycq(Hr + tg) means that it is also
2lprpy(0) + O(1). When k (and hence £) is large, this will contradict the inequality above.

We refer the reader to the full version of the paper for the technical details. <

ki

» Remark 12. We claimed that the proof of the part of Theorem 1 concerning unit distance
graphs is identical to the proof above. In fact, if we replace C'(X) by U(X) for X € {A, B}
in the statement of Theorem 2, the result remains valid. To prove it we would construct A
in precisely the same manner. The important point is then that the comments immediately
prior to Theorem 1 concerning the rigidity of the realization of lattice unique graphs remains
valid. If in particular B C R? satisfies that U4 (A) ~ U4 (B) via the isomorphism ¢ : A — B,

we may assume that <p|U ( is the identity as in the proof above. The remaining part
6co

Hi+to)
of the argument comparing the lengths of the beams then carries through unchanged. In

conclusion, we are only left with the task of proving Theorem 1 for intersection graphs.

3 Intersection Graphs

In this section we prove Theorem 3. Consider two convex bodies A and B. We are going to
prove that if I(A) = I(B), then for every graph G € C(A), there exists a graph Hy(G) € I(A)
with properties as stated in the following lemma.

» Lemma 13. Assume that I(A) = I(B). For any G € C(A) and k > 7, there exists a graph
Hi(G) € I(A) satisfying the following: Let X € {A, B}. For any vertez w of G, there is a
corresponding vertex so(w) of H(G) with the following properties. Consider an arbitrary
drawing of Hi(G) as in intersection graph of X and any two vertices w,w’ of G and let
so := so(w) and sf = so(w’). Then ||sosy||y > 4k — 18. Furthermore, if ww' is an edge of
G, then ||sosy||y < 4k + 2.

As is evident from the lemma, the vertices (so(u))uev (), of any drawing of Hy(G) as
an intersection graph of X, are placed approximately as the vertices of a drawing of G as
a contact graph of scaled convex body 2kX. To capture the uncertainty, we introduce the
concept of e-overlap graphs.
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» Definition 14 (c-overlap Graph). Let € > 0 and A C R? be a symmetric convex body, and
let vi,...,v, € R? be n points in the plane. Suppose that for any i,j € [n], [vivj]|, > 2 — €.
A graph G with vertex set [n] and edge set satisfying E(G) C {(i,7) € [n]* | [|viv;|| , < 2} is
called an e-overlap graph of A. We say that {v1,...,v,} realize the graph G as an e-overlap
graph of A. Further, we denote by C:(A) the set of graphs that can be realized as e-overlap
graphs of A.

We next show how Lemma 13 leads to a proof of Theorem 3. First, the following lemma
provides a reduction from e-overlap graphs to contact graphs. The proof is a standard
compactness argument and can be found in the full version of the paper.

» Lemma 15. Let G1 = (V, E1) be a graph and A a convex body. If for every e > 0, it holds
that G, € C:(A), then there is a graph Go = (V, E3) € C(A) such that E; C Es.

The following lemma uses Lemma 13 to show that if I(A) = I(B), then any G € C(A4) is
an e-overlap graph of B for all € > 0.

» Lemma 16. Assume that I(A) = I(B). For any G € C(A), and any e >0, G € C.(B).

Proof. Write G = (V, E) and let k > 7 be arbitrary. The assumption I(A) = I(B) in
particular implies that Hy(G) € I(B). Consider a drawing of Hy(G) as an intersection graph

of B and define B := {21;:8?1;1 ‘ u € V}. It follows from Lemma 13 that Ip(B) is a drawing

of G as a (2 — 42kkjrlls)—over1ap graph of B. Since 42kk1118 > 2 —10/k, it follows that G is an

10/k-overlap graph of B. As k > 7 was arbitrary, the desired result follows. <
Theorem 3 is an easy consequence of Lemma 15 and Lemma 16:

Proof of Theorem 3. Let the graph G € C(A) have the properties of the theorem, i.e., for
all H € C(B), G is not isomorphic to a subgraph of H. Suppose that I(A) = I(B). By
Lemma 15 and 16, there is a graph H = (V, E) € C(B) such that E' C E, which is a
contradiction. <

It remains to prove Lemma 13. We will proceed to describe the construction of Hy(G)

and provide several lemmas needed in order to prove that it satisfies the desired properties.
The proofs of these lemmas and of Lemma 13 are deferred to the full version of the paper.
For each vertex u € V(G), we make a copy of a graph Q) to be defined in the following.

The vertices of Hy(G) will in turn be the union of the vertices of these copies. We will
construct @ to have a designated vertex sy and a cycle ap with the property that for
every drawing of Q as an intersection graph of X € {A, B}, the cycle ay is contained in
(and winds all the way around) the annulus {z € R? | [|soz| x € (2k — 3,2k]}. We may then
informally view ay, as an upscaled copy of X up to a slight imprecision that, compared to the
size, decreases in k. In order to construct Qy, we first define another graph Py, (which will be
contained in Q) with a vertex sg such that in every drawing of Py as an intersection graph,
So is contained in k nested disjoint cycles. A priori, it is not clear what it means for sy to be
contained in a cycle of the graph in every drawing, since the drawing is not necessarily a
plane embedding of the graph. However, as the following lemma shows, it is well-defined if
Py, is triangle-free. We believe the result to be well-known but have been unable to find the
exact formulation that we require in the literature.

» Lemma 17. If G is a triangle-free graph then every drawing of G as an intersection graph
is a plane embedding.
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Figure 8 The construction of Ps.

Proof. See the full version of the paper. |

We are now ready to define Py, € I(A) for any k > 0. Besides being triangle-free, our aim

is that Py should have the following properties:

1. There is a vertex sg such that in any drawing of Py as an intersection graph of A and B,
Sp is contained in k nested disjoint, simple cycles o1, ..., 0.

2. There is a path kj from a vertex s to a leaf t; such that in any drawing of P, as an
intersection graph of A or B, the path kj is on the boundary of the outer face.

» Construction 18 (P;). See Figure 8. We define P, = I4(Ay), where Ay is a set of points
to be defined inductively. Let Ao = {0} and Py = I4(Ap) be the trivial graph consisting
of one vertex sy = tg, which is also the path x¢. Suppose now that P,_1 = I4(Ag—1) has
been defined. In order to define Py, we first add vertices ag, bk, sy and edges such that
Ti = (ag, tk—1, bk, k) is a 4-cycle. We now add vertices and edges that together with the
path ag, sg, b form a cycle 0. We make o; so long that there exists a drawing as an
intersection graph in which Py_; is contained in o} with respect to both A and B. We finish
the construction of P by adding vertices and edges that together with s; form a path sy
from sj to a vertex tj, where Ky, is so long that it cannot be contained in the cycle o, neither
as an intersection graph of A nor B. (Note that a path of length n contains n/2 independent
vertices. A simple volume argument implies a bound on the number of independent vertices
contained in the region enclosed by a cycle of a plane intersection embedding.) Let Ay consist
of Aj_1 together with all the added points.

» Lemma 19. The graph Py has properties 1-2.
Proof. See the full version of the paper. |

The most important property of Py is that every vertex u € o has distance (k) to sg
in any drawing of P} as intersection graph of any X € {A, B} in the norm ||-||y. This is
exactly what we will use when constructing Q.

» Lemma 20. Let X € {A, B}. Consider any drawing of Py as an intersection graph of X.
For any vertex u € oy, we have ||soul|yx > 2(k/9 —1).

Proof. See the full version of the paper. <
Having defined P, we are now ready for the construction of Q.

» Construction 21 (Q}). We here define a graph Q € I(A) by specifying a drawing of Qj
as an intersection graph of A. Let k¥’ := 18(k + 1). We start with Py and explain what to
add to obtain Q. Let ug,...,u,—1 be the vertices of oy in cyclic, counter-clockwise order.
Consider an arbitrary drawing of Py as an intersection graph of A and a vertex u;. Note
that d := [W—‘ is the number of vertices needed to add in order to create a path from
sp to u;. It follows from Lemma 20 that d > 2k.
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Figure 9 A part of a graph Q. The vertices v;(j) are only shown for j € {1,2}, and only edges
on paths m; and cycles a1, az, ok are shown.

We want to minimize the vector of these values d with respect to each vertex u; € o.

To be precise, we define

-2 _ -2
(do, ... ,dp—1) := min (“SOUOQA -‘ et “SOUTL 21||A -D ;

where the minimum is with respect to the lexicographical order and taken over all drawings
of Py as an intersection graph. Consider a drawing of Py as an intersection graph realizing
the minimum and let P be the set of vertices in the drawing. For each vertex w;, we create
a path m; from sg to u; as follows. Let v; be the unit-vector in direction u; — sg. We add
new vertices placed at the points v;(j) := sg + 2jv; for j € {1,...,d;}. We now define the
vertices of Qp as Q :=P U U?:_Ol{v,;(l), ..., v(d;)} and define Qi = I4(Q). See Figure 9.

» Remark 22. By construction, there exists a drawing of @) as an intersection graph of A.
If there does not exist one of B, we are done, since we then clearly have that I(A) # I(B).

Now suppose that there exists a drawing of Py as an intersection graph of B such that

GHSOUOQB—?W{WD < (doy -+ 1), (3)

where < denotes the lexicographical order. We can now define a graph Qf € I(B) from Py

%—‘ vertices to form a path from sg to

in a similar way as we defined @ by adding [
each ;. It then follows from (3) that QP ¢ I(A), so in this case we have likewise succeeded
in proving I(A) # I(B). In the following, we therefore assume that Qy € I(B) for any k and
that no drawing of Py as an intersection graph of B satisfying (3) exists.

First we need to show that Q; contains a cycle aj as described earlier.

» Lemma 23. The set of edges of Qi contains the pairs v;(j)viy1(j) for any i € [n] and
jeA{l,....k}, and for each j € {1,... .k}, these edges thus form a cycle ;. In the specific
drawing of Qy as an intersection graph defined in Construction 21, the cycle o; is contained
in the annulus {x € R? | ||soz|| 4 € [27 — 1,2j]}.

Proof. See the full version of the paper. <

The above lemma shows that the cycle o behaves nicely in one particular drawing of Qy
as an intersection graph. To see that something similar holds for every drawing, we refer the
reader to the full version.

We now provide the definition of the graph Hy(G), as mentioned in the beginning of this
section.

3:13

SoCG 2021



3:14

Classifying Convex Bodies by Their Contact and Intersection Graphs

Figure 10 From the proof of Lemma 13 (notation as in Lemma 25). There is either an intersection
between o and 7, (left) or between ay—_3 and «j_5 (right) that violates Lemma 25.

» Construction 24 (H(G)). For any G € C(A), consider a fixed drawing of G as a contact
graph of A. For each vertex w of G, we make a copy of the drawing of ()} as an intersection
graph as defined in Construction 21 which we translate so that s is placed at sfj := (2k —2)w.
We then add all edges induced by the vertices, and the result is denoted as Hy(G).

The following lemma characterizes some of the edges of Hy(G) and will be crucial in the
proof of Lemma 13.

» Lemma 25. Consider two vertices w,w' of a drawing of a graph G as a contact graph.
Denote by Q and Q' the copies of Qx in Hi(G) corresponding to w and w', respectively,
such that so, i, o, vi(j) denote objects in Q and sy, 7, o, vi(j) denote objects in Q. If
v (§)vi(5") s an edge of Hi(G), then j+ j' > 2k — 4.

If ww' is an edge of G, then there is an edge v;(k)v}, (k) in Hx(G).

Proof. See the full version of the paper. <

As mentioned, the final proof of Lemma 13 is deferred to the full version, but we can now
provide the main ideas. We first need to prove that in any drawing of @) as an intersection
graph with respect to X € {4, B}, any cycle «; is contained in an annulus only slightly
wider than as stated in Lemma 23. Furthermore, o;; winds around sq in the sense that if we
trace the full curve o, the change of argument with respect to so will be +27. To prove the
lower bound ||spsg ||y > 4k — 18 in Lemma 13, we exclude that the distance is smaller by
dividing into two cases depending on the actual distance. Figure 10 depicts the two cases
for each of which we prove that there would be an edge in H(G) violating Lemma 25. The
upper bound ||sos| y < 4k + 2 when ww' is an edge of G is likewise an easy consequence of
Lemma 25, as otherwise, an edge v;(k)v}, (k) would be missing from Hy(G).

4  Concluding remarks

It is natural to investigate the special case of convex bodies with the URTC property. Here
our proof of Theorem 2 fails since the hexagons are not rigid structures. Together with
Konrad Swanepoel, we have promising progress in generalizing Theorem 1 to also handle
this case.

Another interesting direction is to consider convex bodies in three and higher dimensions.
Already in three dimensions, it appears to be very difficult to characterize when two bodies
induce the same graph classes.
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Abstract

A polyomino is a polygonal region with axis parallel edges and corners of integral coordinates,
which may have holes. In this paper, we consider planar tiling and packing problems with
polyomino pieces and a polyomino container P. We give two polynomial time algorithms, one
for deciding if P can be tiled with k& x k squares for any fixed & which can be part of the
input (that is, deciding if P is the union of a set of non-overlapping k X k squares) and one for
packing P with a maximum number of non-overlapping and axis-parallel 2 x 1 dominos, allowing
rotations by 90°. As packing is more general than tiling, the latter algorithm can also be used
to decide if P can be tiled by 2 x 1 dominos.

These are classical problems with important applications in VLSI design, and the related
problem of finding a maximum packing of 2 x 2 squares is known to be NP-Hard [J. Algorithms
1990]. For our three problems there are known pseudo-polynomial time algorithms, that is,
algorithms with running times polynomial in the area or perimeter of P. However, the standard,
compact way to represent a polygon is by listing the coordinates of the corners in binary. We
use this representation, and thus present the first polynomial time algorithms for the problems.
Concretely, we give a simple O(nlogn) algorithm for tiling with squares, and a more involved
O(n? polylog n) algorithm for packing and tiling with dominos, where n is the number of corners
of P.

*Basic Algorithms Research Copenhagen (BARC), University of Copenhagen. BARC is supported by the VILLUM
Foundation grant 16582.



1 Introduction

A chessboard has been mutilated by removing two diagonally
opposite corners, leaving 62 squares. Philosopher Max Black : P P L
asked in 1946 whether one can place 31 dominoes of size 1 x2 so %
as to cover all of the remaining squares? Tiling problems of this
sort are popular in recreational mathematics, such as the math-
ematical olympiads! and have been discussed by Golomb [14]
and Gamow & Stern [12]. The mutilated chessboard and the
dominos are examples of the type of polygon called a poly-
omino, which is a polygonal region of the plane with axis par-
allel edges and corners of integral coordinates. We allow poly-
ominos to have holes. T
From an algorithmic point of view, it is natural to ask
whether a given (large) polyomino P can be tiled by copies Figure 1: The chessboard polyomino
of another fixed (small) polyomino @, which means that P is envisioned by Max Black.
the union of non-overlapping copies of ) that may or may not
be rotated by 90° and 180°. As the answer is often a boring no, one can ask more generally for the
largest number of copies of () that can be packed into the given container P without overlapping.
Algorithms answering this question (for various @) turn out to have important applications in very
large scale integration (VLSI) circuit technology. As a concrete example, Hochbaum & Maass [16]
gave the following motivation for their development of a polynomial time approximation scheme for
packing 2 X 2 squares into a given polyomino P (using the area representation of P, to be defined
later):

“For example, 64K RAM chips, some of which may be defective, are available on a
rectilinear grid placed on a silicon wafer. 2 x 2 arrays of such nondefective chips could
be wired together to produce 256K RAM chips. In order to maximize yield, we want to
pack a maximal number of such 2 x 2 arrays into the array of working chips on a wafer.”

Although the mentioned amounts of memory are small compared to those of present day technology,
the basic principles behind the production of computer memory are largely unchanged, and methods
for circumventing defective cells of wafers (the cells are also known as dies in this context) is still
an active area of research in semiconductor manufacturing |7, 9, 18, 21].

The most important result in tiling is perhaps the combinatorial group theory approach by
Conway & Lagarias [8]. Their algorithmic technique is used to decide whether a given finite region
consisting of cells in a regular lattice (triangular, square, or hexagonal) can be tiled by pieces drawn
from a finite set of tile shapes. Thurston [26] gives a nice introduction to the technique and shows
how it can be used to decide if a polyomino without holes can be tiled by dominos. The running
time is O(aloga), where a is the area of P. Pak, Sheffer, & Tassy [22] described an algorithm with
running time O(plogp), where p is the perimeter of P.

The problem of packing a maximum number of dominos into a given polyomino P was apparently
first analyzed by Berman, Leighton, & Snyder [5] who observed that this problem can be reduced
to finding a maximum matching of the incidence graph G(P) of the cells in P: There is a vertex for
each 1 x 1 cell in P, and two vertices are connected if the two cells share a geometrical edge. The

!See e.g. the “hook problem” of the International Mathematical Olympiad 2004.



graph G(P) is bipartite, so the problem can be solved in O(n®/?) time using the Hopcroft-Karp
algorithm, where n is the number of cells (i.e., the area of P).

On the flip-side, a number of hardness results have been obtained for simple tiling and packing
problems: Beauquier, Nivat, Remila, & Robson [2| showed that if P can have holes, the problem of
deciding if P can be tiled by translates of two rectangles 1 x m and k x 1 is NP-complete as soon
as max{m, k} > 3 and min{m, k} > 2. Pak & Yang [23| showed that there exists a set of at most
10° rectangles such that deciding whether a given hole-free polyomino can be tiled with translates
from the set is NP-complete. Other generalizations have even turned out be undecidable: Berger [3|
proved in 1966 that deciding whether pieces from a given finite set of polyominos can tile the plane
is Turing complete. For packing, Fowler, Paterson, & Tanimoto [11| showed already in the early 80s
that deciding whether a given number of 3 x 3 squares can be packed into a polyomino (with holes)
is NP-complete, and the result was strengthened to 2 x 2 squares by Berman, Johnson, Leighton,
Shor, & Snyder [4].

As it turns out, for all of the above results, it is assumed that the container P is represented
either as a list of the individual cells forming the interior of P or as a list of the boundary cells. We
shall call these representations the area representation and perimeter representation, respectively.
The area and perimeter representations correspond to a unary rather than binary representation of
integers and the running times of the existing algorithms are thus only pseudo-polynomial. It is much
more efficient and compact to represent P by the coordinates of the corners, where the coordinates
are represented as binary numbers. This is the way one would usually represent polygons (with
holes) in computational geometry: The corners are given in cyclic order as they appear on the
boundary of P, one cycle for the outer boundary and one for each of the holes of P. We shall call
such a representation a corner representation. With a corner representation, the area and perimeter
can be exponential in the input size, so the known algorithms which rely on an area or perimeter
representation to be polynomial, are in fact exponential when using this more efficient encoding of
the input. Problems that are NP-complete in the area or perimeter representation are also NP-
hard in the corner representation, but NP-membership does not necessarily follow. In our practical
example of semiconductor manufacturing, the corner representation also seems to be the natural
setting for the problem. Hopefully, there are only few defective cells to be avoided when grouping
the chips, so the total number of corners of the usable region is much smaller than its area.

El-Khechen, Dulieu, Iacono, & Van Omme [10] showed that even using a corner representation
for a polymino P, the problem of deciding if m squares of size 2 x 2 can be packed into P is in
NP. That was not clear before since the naive certificate specifies the placement of each of the m
squares, and so, would have exponential length. Beyond this, we know of no other work using the
corner representation for polyomino tiling or packing problems.

Our contribution. While the complexity of the problem of packing 2 x 2 squares into a polyomino
P has thus been settled as NP-complete, the complexity of the tiling problem was left unsettled.
Tiling and packing are closely connected in this area of geometry, but their complexities can be
drastically different. Indeed, we show in Section 3 that it can be decided in O(nlogn) time by a
surprisingly simple algorithm whether P can be tiled by k X k squares for any fixed £ € N which
can even be part of the input. Here, n is the number of corners of P.?2 With the area and perimeter

?We assume throughout the paper that we can make basic operations (additions, subtractions, comparisons)
on the coordinates in O(1) time. Otherwise, the time complexities of our two algorithms will be O(ntlogn) and
O(n3t + n? polylog n), respectively, where ¢ is the time it takes to make one such operation.



representations, it is trivial to decide if P can be tiled in polynomial time (see Section 3), but as
noted above, using the corner representation, it is not even immediately obvious that the problem
is in NP.

In Section 4.1-4.5, we provide and analyse an algorithm that can decide in O(n? polylogn) time if
m dominos (i.e., rectangles of size 1 X 2 that can be rotated 90°) can be packed in a given polyomino
P. This algorithm is more complicated and we consider it our most important contribution. The
algorithm implicitly constructs a maximum packing, and the same algorithm can be used to decide if
P can be tiled by dominos. In Section 4.6, we further describe a much simpler algorithm that works
by truncating long edges of P (using a multiple-sink multiple-source maximum flow algorithm as
a black box). The simplicity of this algorithm comes at the cost of a higher running time of
O(n* polylogn). The proof that the simple algorithm works uses the same structural results as we
developed for the faster but more complicated algorithm. Table 1 summarises the known and new
results.

Shapes Tiling Packing

(1] B O(n? polylogn) [This paper| | O(n® polylogn) [This paper]

EB O(nlogn) [This paper] NP-complete [4, 10]

Table 1: Complexities of the four fundamental tiling and packing problems. Here, n is the number of corners
of the container P. The algorithm for tiling with squares works for any size k x k.

Further related work. The technique by Conway & Lagarias [8] has been adapted to obtain
algorithms for tiling with other shapes than dominos: Kenyon & Kenyon [19] showed how to decide
whether a given hole-free polyomino P can be tiled with translates of the rectangles 1 x m and
k x 1 for fixed integers m and k. The running time is again linear in the area of P. They also
described an algorithm to decide if a polyomino can be tiled by the rectangles k& x m and m x k with
running time quadratic in the area. Rémila [25] generalized the work by Kenyon and Kenyon and
obtained a quadratic time algorithm for deciding whether a given hole-free polyomino can be tiled
by translates of two fixed rectangles k x m and k' x m’. Wijshoff & van Leeuwen [27] and Beauquier
& Nivat [1] gave algorithms for deciding whether a given polyomino tiles the entire plane. For work
on packing trominos, that is, polyominos consisting of three unit squares, see [17].

1.1 Our techniques

Tiling with k& x k squares. We sort the corners of the given polyomino P by the x-coordinates
and use a vertical sweep-line ¢ that sweeps over P from left to right. The intuition is that the
algorithm keeps track of how the tiling looks in the region of P to the left of £ if a tiling exists. As
¢ sweeps over P, we keep track of how the tiling pattern changes under ¢. Each vertical edge of P
that ¢ sweeps over causes changes to the tiling, and we must update our data structure accordingly.

Packing with dominos. Our basic approach is to reduce the packing problem in the polyomino P
(with n corners) to a maximum matching problem in a graph G* with only O(n?) vertices and edges.



We prove that a maximum matching in G* corresponds to a maximum packing of dominos in P. The
construction of G* requires many techniques and the correctness relies on several structural results
on domino packings and technical lemmas regarding the particular way we define the intermediate
polyominos and graphs that are used to eventually arrive at G*.

We first find the maximum subpolyomino P, C P such that all corners of P, have even coor-
dinates. We then use a hole-elimination technique: By carving channels in P; from the holes to
the boundary, we obtain a hole-free subpolyomino P, C P;. The particular way we choose the
channels is important in order to ensure that the final graph G* has size only O(n3). We now apply
a technique of reducing P by removing everything far from the boundary of P»: We consider the
subpolyomino @ C P, of all cells with at least some distance (n) to the boundary of P, and then
we define P3 := P\ @ (note that @ is removed from P and not from P). The main insight is that
any packing of dominos in P3 can be extended to a packing of all of P that, restricted to @, is a
tiling. For this to hold, it turns out to be important that P, has no holes.

A crucial step is to prove that every cell in the polyomino P has distance O(n) to the boundary
of P3 and that P3 has O(n) corners. There may, however, still be an exponential number of cells in
P5 due to long pipes (corridors). We then develop a technique for contracting these long pipes. The
contraction is not carried out geometrically, but in the incidence graph G := G(P3) of the cells of
Ps, by contracting long horizontal and vertical paths to single edges, and the resulting graph is G*.

All vertices of G* correspond to cells of P3 with distance at most O(n) from a corner of Ps,
and since P3 has O(n) corners, we get that G* has size O(n®). We then compute a maximum
matching in G* using a multiple-source multiple-sink maximum flow algorithm by Borradaile, Klein,
Mozes, Nussbaum, & Wulff-Nilsen [6], which has since been improved slightly by Gawrychowski &
Karczmarz [13]. This results in a running time of O(n®polylogn). The number of dominos in a
maximum packing in the original polyomino P is then the size of the maximum matching plus half
of the area of everything that has been removed from P.

2 Preliminaries

We define a cell to be a 1 x 1 square of the form [i,i + 1] x [§,7 + 1], 4,7 € Z. A subset P C R? is
called a polyomino if it is a finite union of cells. For a polyomino P, we define G(P) to be the graph
which has the cells in P as vertices and an edge between two cells if they share a (geometrical)
edge. We say that P is connected if G(P) is a connected graph. Figure 2 (a) illustrates a connected
polyomino. For a simple closed curve v C R?, we denote by Int v the interior of 7. An alternative
way to represent a connected polyomino is by a sequence of simple closed curves (79,71, ---,7)
such that (1) each of the curves follows the horizontal and vertical lines of the integral grid Z2, (2)
for each i € {1,...,h}, Inty; C Int~g, (3) for each distinct 4,5 € {1,...,h}, Inty; N Int~y; = 0,
and (4) for distinet 4,5 € {0,...,h}, s N~; C Z* For a connected polyomino P, there exists
a unique such sequence (up to permutations of ~1,...,7,) with P = Inty \ (U?:1 Intv;). It is
standard to reduce our tiling and packing problems to corresponding tiling and packing problems for
connected polyominos, so for simplicity we will assume that the input polyominos to our algorithms
are connected. The corners of a polyomino P (specified by a sequence (Yo,71,---,7)), are the
corners of the curves 7y, ...,7v,. We assume that an input polyomino with n corners is represented
using O(n) words of memory by describing the corners of each of the curves v, . . .y, in cyclic order.

In this paper we will exclusively work with the Lo,-norm when measuring distances. For two
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Figure 2: (a) A polyomino with two holes. (b) Extending a domino packing using an augmenting path in
G(P).

points a,b € R? we define dist(a,b) = ||a — b||s. For two subsets A, B C R? we define

dist(A4,B) = inf dist(A, B).
(a,b)eAxB

In our analysis, A and B will always be closed and bounded (they will in fact be polynomios), and
then the inf can be replaced by a min. Finally, we need the notion of the offset B(A,r) of a set
A CR? by a value r € R. If r > 0, we define

B(A,r) = {z e R? | dist(z, A) < r},

and otherwise, we define B(A,r) := B(A¢ —r)°. Note that if » > 0, we have A C B(A,r) and
otherwise, we have B(A,r) C A.

Note that a domino packing of P naturally corresponds to a matching of G(P) and we will
often take this viewpoint. We therefore require some basic matching terminology and a result on
how to extend matchings. Let G be a graph and M a matching of G. A path (vy,...,v9) of G
is said to be an augmenting path if v; and wvo are unmatched in M and for each 1 < ¢ < k — 1,
vg; and wvg;41 are matched to each other in M. Modifying M restricted to {v1,...,ve,} by instead
matching (ve;_1,v9;) for 1 < i < k, we obtain a larger matching which now includes the two vertices
vy and vgg. See Figure 2 (b) for an illustration in the context of domino packings. We require the
following basic result by Berge which guarantees that any non-maximum matching of G can always
be extending to a larger matching using an augmenting path as above.

Lemma 1 (Berge). Let G be a graph and M a matching of G which is not maximum. Then there
exists an augmenting path between two unmatched vertices G.

3 Tiling with squares

Naive algorithm. The naive algorithm to decide if P can be tiled with k& x k tiles works as
follows. Consider any convex corner ¢ of P. A k x k square S must be placed with a corner at c.
If S is not contained in P, we conclude that P cannot be tiled with k x k& squares. Otherwise, we
recurse of the uncovered part P\ S. When nothing is left, we conclude that P can be tiled. This
algorithm runs in time polynomial in the area of P and also shows that if P can be tiled, there is
a unique way to do it.



Sweep line algorithm. For the ease of presentation, we focus on the case of deciding tileability
using 2 X 2 squares. It is straightforward to adapt the algorithm to decide tileability by k X k squares
for any fixed k € N, as explained in the end of this section.

Our algorithm for deciding if a given polyomino P can be tiled with 2 x 2 squares uses a vertical
sweep line that sweeps over P from left to right. The intuition is that the algorithm keeps track of
how the tiling looks in the region of P to the left of £ if a tiling exists. As £ sweeps over P, we keep
track of how the tiling pattern changes under £. Each vertical edge of P that ¢ sweeps over causes
changes to the tiling, and we must update our data structures accordingly.

Recall that if P is tileable, then the tiling is unique. We define T'(P) C P to be the union of
the boundaries of the tiles in the tiling of P, i.e., such that P\ T'(P) is a set of open 2 x 2 squares.
If P is not tileable, we define T'(P) := L.

Consider the situation where the sweep line is some vertical line ¢ with integral z-coordinate
x(0). The algorithm stores a set Z of pairwise interior-disjoint closed intervals Z = Iy, ..., I, C R,
ordered from below and up. Each interval I; has endpoints at integers and represents the segment
I' := {z(0)} x I; on £. In the simple case that no vertical edge of P has z-coordinate z(¢) (so that
no change to the set PN ¢ happens at this point), the intervals Z together represent the part of ¢ in
P,ie., we have PN{ = Uie[m] I!. If one or more vertical edges of P have z-coordinate z(¢), then
P N/ changes at this point and the intervals Z must be updated accordingly.

For each interval I; we store a parity p(I;) € {0,1}, which encodes how the tiling must be at I/
if P is tileable. To make this precise, we state the following parity invariant of the algorithm under
the assumption that P is tileable; see also Figure 3.
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Figure 3: Two instances that cannot be tiled. Left: The edge es splits the only interval in Z into two smaller
intervals. Then ez introduces a new interval with a different parity than the existing two. The edge e4 makes
the algorithm conclude that P cannot be tiled since e4 overlaps an interval with the wrong parity. Right:
The edges e3 and e4 introduce new intervals that are merged with the existing one. Edge eg introduces an
interval which is merged with the existing interval and the result has odd length, so the algorithm concludes
that P cannot be tiled.

e If p(I;) and x(¢) have the same parity, then I/ C T(P), i.e., I/ follows the boundaries of some
tiles and does not pass through the middle of any tile.

e Otherwise, I/ NT(P) consists of isolated points, i.e., I/ passes through the middle of some of
the tiles and does not follow the boundary of any tile.

We say that two neighboring intervals I;, ;11 of Z are true neighbors if I; and I;41 share an
endpoint. In addition to the parity invariant, we require Z to satisfy the following neighbor invariant:
Any pair of true neighbors of Z have different parity.



The pseudocode of the algorithm is shown in Algorithm 1. Initially, we sort all vertical edges
after their z-coordinates and break ties arbitrarily. We then run through the edges in this order.
Each edge makes a change to the set P N ¢, and we need to update the intervals Z accordingly so
that the parity and the neighbor invariants are satisfied after each edge has been handled. Figure 3
shows the various events.

Consider the event that the sweep line ¢ reaches a vertical edge e; = {x} x [yo, y1]. If the interior
of P is to the left of ej, then P N ¢ shrinks. Each interval I; € Z that overlaps [yo,y1] must then
also shrink, be split into two, or disappear from Z. This is handled by the for-loop at line 5. If
the parity of one of these intervals I; does not agree with the parity of e;, we get from the parity
invariant that P cannot be tiled, and hence the algorithm returns “no tiling” at line 7.

If on the other hand the interior of P is to the right of e;, then PN/ expands and a new interval
I must be added to Z. This is handled by the else-part at line 9. The new interval I may have one
or two true neighbors in Z. If one or two such neighbors also have the same parity as I, we merge
these intervals into one interval of Z. This ensures that the neighbor invariant is satisfied after e;
has been handled.

In line 13, we consider the case that we finished handling all vertical edges at some specific
x-coordinate so that the sweep line will move to the right in order to handle the next edge ej;1 in
the next iteration. If there is an interval I; of odd length in Z, it follows from the parity invariant
together with the neighbor invariant that P cannot be tiled, so the algorithm returns “no tiling” at
line 14.

Algorithm 1:

1 Let ey, ..., e be the vertical edges of P in sorted order.
2 forj=1,...,kdo

3 Let [yo,y1] be the interval of y-coordinates of e;.

4 if the interior of P is to the left of e;

5 for each I; € T that overlaps [yo, y1] do

6 if I; and x(e;) have different parity

7 L return “no tiling”

8 Remove I; from Z, let J := I; \ [yo, 1], and if J # (), add the interval(s) in J to Z.
9 else
10 Make a new interval I := [y, 1] with the parity p(I) := z(e;) mod 2 and add I to Z.
11 if I has one or two true neighbors in Z that also have the same parity as I
12 L Merge those intervals in Z.
13 if j <k and z(ej4+1) > z(ej) and some I; € 7 has odd length
14 L return “no tiling”

15 return “tileable”

The above explanation of the algorithm argues that if the invariants hold before edge e; is
handled, they also hold after. It remains to argue that they also hold before the next edge e;;1 is
handled in the case that the sweep line ¢ jumps to the right in order to sweep over ej;1. In the
open strip between the vertical lines containing e; and e;1, there are no vertical segments of P.
Hence, the pattern of the tiling T'(P) must continue as described by the parities p(I;) in between



the edges e; and e;41, so the parity invariant also holds before e;; is handled.

We already argued that if the algorithm returns “no tiling”, then P is not tileable. Suppose on
the other hand that the algorithm returns “tileable”. In order to prove that P can then be tiled,
we define for each j € [k] a polyomino P; C P. We consider the situation where the sweep line ¢
contains e; and e; has just been handled by the algorithm. We then define P; to be the union of

e the part of P to the left of ¢, and
o the rectangle [x(¢), z(¢) 4+ 1] x I; for each I; € Z with a different parity than z(¢).

We first see that for each j € [k], we have P; C P. To this end, we just have to check that the
rectangles [x(¢), x(¢) + 1] x I; are in P. If one such interval was not in P, there would be an edge of
P overlapping the segment {x(¢)} x I;. Since I; has a different parity than z(¢), this would make
the algorithm report “no tiling” at line 7, contrary to our assumption.

We now prove by induction on j that each P; can be tiled. Since P = Py, this is sufficient.
Along the way, we will also establish that P, C P, C ... C P,. When j = 1, we see that P; is
empty, so the statement is trivial. Suppose now that P; can be tiled and consider P;,i. Note that
if z(e;) = z(ej+1), so that £ does not move, then P; = Pj;1, since all intervals that are created or

modified when handling e;4; have the same parity as x(¢), so in this case, Pj;1 is tileable because
Pj is.

x(e;) w(ej+1)
| |
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Figure 4: The polyomino P; is the part of P to the left of the line x = x(e;) (this part of P; is not shown)

plus the grey rectangles along the line. Here, the difference z(ej41) — z(e;) is odd. The difference Pjy1 \ P;
has been tiled with green 2 x 2 squares.

Consider now the case z(e;) < x(ej11). Note that as P; C P and P is to the left of the vertical
line z = z(e;) + 1, we have P; C Pj;1. We now consider the set Pj; \ P; and argue that it is
tileable; see Figure 4. Let Iy,..., I, be the intervals in 7 after e; was handled. For each I;, we add
a rectangle X x [; to P; in order to obtain Pji 1, where X C R is an interval with lower endpoint
z(ej) or z(e;j) + 1 and upper endpoint x(e;+1) or z(ej4+1) + 1, and by the definition of P; and Pj4q,
it follows that X has even length. Since each I; also has even length (otherwise, the algorithm
would have returned “no tiling” at line 14 when e; was handled), the difference Pj;; \ P; is a union
of rectangles with even edge lengths, so P; 1 is tileable since P; is.



Runtime analysis. Assuming that we can compare two coordinates in O(1) time, we sort the
vertical edges by their z-coordinates in O(nlogn) time. Since the intervals of Z are pairwise interior-
disjoint, we can implement Z as a balanced binary search tree, where each leaf stores an interval I;.

We now argue that each vertical edge e;, with y-coordinates [yo, y1], takes only O(logn) time to
handle, since we need to make only O(1) updates to Z. If the interior of P is to the left of e;, then
[yo,y1] C Uie[m] I;. Tt then follows from the neighbor invariant that if [yo,y1] overlaps more than
one interval I;, then the algorithm will return “no tiling”. We therefore do at most O(1) updates to
Z, so it takes O(logn) time to handle e;.

On the other hand, if the interior of P is to the right of e;, we need to insert a new interval into
Z and possibly merge it with one or two neighbors in Z, so this also amounts to O(1) changes to Z.

At line 13, we need to check the O(1) intervals that were added or changed due to the edge e;,
so this can be done in O(1) time. Hence, the algorithm has runtime O(nlogn).

Adaptation to k£ x k squares. In order to adapt the algorithm to k x k squares, we need to
compare coordinates modulo k instead of modulo 2. Specifically, each interval in Z stores a number
p(I) € {0,1,...,k—1}, which is set to z(e;) mod k at line 10. We fail at line 6 if z(e;) mod k # p(I;)
and at line 13 if some I; has a length not divisible by k. At line 12, we merge I with the true
neighbours that have the same p-value. With these modifications, all arguments carry over to the
case of k x k squares.

4 Packing dominos

In this section we will present our polynomial time algorithm for finding the maximum number of
1 x 2 dominos that can be packed in a polyomino P. We assume that the dominos must be placed
with axis parallel edges, but they can be rotated by 90°. In any such packing, we can assume the
pieces to have integral coordinates: if they do not, we can translate the pieces as far down and
to the left as possible, and the corners will arrive at positions with integral coordinates. We first
describe a naive algorithm which runs in polynomial time in the area of the polyomino.

Naive algorithm. The naive algorithm considers the graph G(P) = (V, E) where V is the set
of cells of P and e = (u,v) € E if and only if the two cells u and v have a (geometrical) edge in
common. The maximum number of 1 x 2 dominos that can be packed in P is exactly the size of
a maximum matching of G and it is well known that such a maximum matching can be found in
polynomial time in |V, i.e., in the area of P.

Our goal is to find an algorithm running in polynomial time, even with the compact represen-
tation of P described in Section 2. In essence, we take the graph G = G(P) above and construct
from it a smaller graph, G*, with O(n?) vertices. A maximum matching of G* yields an (implicit)
description of a maximum matching of G and we show that the maximum matching of G* can be
found in time O(n? polylogn).

4.1 Polynomial-time algorithm

We will next describe the steps of our algorithm for finding the maximum domino packing of a
polyomino P. We first introduce the notion of a pipe (see Figure 5) and consistent parity.



Definition 1. Let P and @ be polyominos with Q C P. We say that @ is a pipe of P if Q is
rectangular and both vertical edges of ) or both horizontal edges of () are contained in edges of
P. The width of the pipe is the distance between this pair of edges. The length of the pipe is the
distance between the other pair of edges. We say that a pipe is long if its length is at least 3 times
its width.

k Q —

Figure 5: A pipe of width k£ and length /.

Definition 2. We say that a polyomino P has consistent parity if all first coordinates of the
corners of P have the same parity and vice versa for the second coordinates. Equivalently, P has
consistent parity if there exists an open 2 x 2 square, S, such that for all choices of integers i, j and
S" =S+ (2i,25), either S"C Por S"NP =40.

Next we present the steps of the algorithm. Figures 6—8 demonstrates the steps on a concrete
polyomino P.

Step 1: Compute the unique maximal polyomino P; C P with all coordinates even.
We define P; to be the union of all 2 x 2 squares S of the form S = [2i,2i + 2] x [27,2j + 2] with
1,7 € Z and S C P. See the upper left and bottom part of Figure 6. It is readily checked that P;
has at most n corners. As we will see, P; can be computed in time O(nlogn).

Step 2: Compute a polyomino P» C P; with no holes and consistent parity by carving
channels in P;. Define P} := P;. For i = 0,1,..., we do the following. If there are holes in P,
we find a set of minimum size of 2 x 2 squares Si,..., Sy contained in P/ and with even corner
coordinates that connects an edge of a hole to an edge of the outer boundary of P/. To be precise,
an edge of Sy should be contained in the boundary of a hole of P/, an edge of Si, should be contained
in the outer boundary of P/, and for each j € {1,...,k — 1}, S; and Sj;1 should share an edge.
We choose these squares such that they together form a 2 x 2k or 2k x 2 rectangle or an L-shape,
which is clearly always possible. We then define the polyomino P/, := P} \ U;?:l S;, which has
less holes than P/. We stop when there are no more holes and define P, := P/ to be the resulting
hole-free polyomino. Note that in iterations ¢ > 1, the holes may get connected to holes that were
eliminated in earlier iterations or to channels carved in earlier iterations. See the upper right part
of Figure 6. We will later see that P, has strictly less than 3n corners and that it can be computed

in time O(n3).

Step 3: Compute the offset Q) := B(P,,—[3n/2|) and then P; := P\ Q. See the left part of
Figure 7. Note that we remove ) from the original polyomino P in order to get P3, and not from
P,. Tt is easy to check that @ has at most 3n corners and consistent parity. Hence P3 := P\ Q
has at most 4n corners and, as we will see, P3 has the property that for any x € Ps, we have
dist(z, 9P3) = O(n). We will show how this step can be carried out in time O(nlogn).
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Figure 6: Steps 1 and 2 of the algorithm. Top left: Step 1, where the part P\ Py, that is excluded from P;
in order to make all coordinates even, is shown in red. Top right: Step 2, where the holes of a polyomino
Py are connected to the outer boundary by the grey channels. Bottom: Closeup of the region in the dashed
rectangle.

Step 4: Find the long pipes of P;. Find all maximal long pipes 771,...,7, in Ps (recall that
a pipe is long if its length is at least 3 times its width). See the right part of Figure 7. As we will
see, there are at most O(n) such pipes, they are disjoint, and they each have width O(n). Later we
will show how the pipes can be found in time O(nlogn).

Step 5: Shorten the pipes and compute the associated graph G*. Define G3 := G(Ps).
We modify G5 by performing the following shortening step for each 1 <14 < r; see Figure 8. Assume
with no loss of generality that the pipe T; is of the form T; = [0,¢] x [0, k] where ¢ is the length
and k < ¢/3 is the width. If £ < 6, we do nothing. Otherwise, for each j € {0,...,k — 1}, we
let S; = [k+2,r] x[j,7 + 1], where r := 2[{/2] — k — 2, so that G(S;) is a horizontal path in
G35 consisting of an even number of vertices. For each j € {1,...,k — 1}, we proceed by deleting
the vertices of S; and their incident edges from G5, and instead, we add an edge from the cell
[k+1,k+2] x [j,7+1] to the cell [r,r+1] x [j,7+ 1] (i.e., we connect the cells to the left and right
of S; with each other).

We denote the graph obtained after iterating over all ¢ by G*. Note that in G*, there are only
O(k?) = O(n?) vertices corresponding to cells in each pipe T}, since each pipe has width k = O(n).
We show below that G* has O(n?) vertices and can be computed in time O(n?).
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Figure 7: Steps 3 and 4 of the algorithm, performed on the instance from Figure 6. Left: Step 3, where
the grey region @ is an offset of the hole-free polyomino P,. In this example, @ is connected, but that is in
general not the case. For pedagogical reasons, we offset by a smaller value than the algorithm would actually
use. Right: Step 4, where the grey and blue areas are P53 := P\ Q. The blue rectangles show the seven long

pipes.

r=k+2 x=2[4/2] —k—2

| | | |
| | | |
| | | |
] ] ] ]
E 1 1 — 1 1
I I I I
| | | |
| | | |

Figure 8: Step 5 of the algorithm. The part of the graph G(T;) in between the dashed vertical lines is
substituted for long horizontal edges.

Step 6: Find the size of a maximum domino packing of P. We finally run a maximum
matching algorithm on G*. Let M be the resulting maximum matching, Ny be the area of P, and
N3 be the number of vertices of G*. The algorithm outputs | M|+ (No— N2)/2 as the value of a maxi-
mum domino packing of P. We show below that this step can be performed in time O(n3 polylogn).

This completes the description of the algorithm. In Section 4.2, we will provide some structural
results on domino packings and polyominos. In Section 4.3, we will use these results to argue that
the algorithm works correctly. In Section 4.4, we will show that the reduced graph G* has O(n?)
vertices and edges. Finally, in Section 4.5, we will use this to argue how the steps of the algorithm
can be implemented with the claimed running times.

4.2 Structural results on polyominos and domino packings

Building up to our structural results on domino packings, we require a definition and a few simple
lemmas. Variations of the following lemma is well-known. We present a proof for completeness.

Lemma 2. Let P be an orthogonal polygon with n corners and h holes. P can be divided into at
most n/2+ h — 1 rectangular pieces by adding only vertical line segments to the interior of P. If P
s a polyomino, the rectangular pieces can be chosen to be polyominos too.

Proof. For each concave corner of the polygon we add a vertical line segment in the interior of the
polygon starting from that corner and going upwards or downwards (depending on the rotation of
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Figure 9: A partition of a polyomino with two holes into rectangles using vertical line segments (blue).

the given corner). This is illustrated in Figure 9. Let s be the number of line segments added. It
is easy to check that this gives a partition of P into exactly s — h + 1 rectangles. With h holes, the
number of concave corners is n/2 +2(h — 1), so also s < n/2+2(h — 1) and the result follows. [

Note that for a polygon with n corners, h < (n—4)/4, so we have the following trivial corollary.
Corollary 3. The number of rectangular pieces in Lemma 2 is at most %n - 2.
We next show that the property of consisting parity is preserved under integral offsets.

Lemma 4. Let P be a polyomino. If P has consistent parity, then B(P,1) and B(P,—1) have
consistent parity

Proof. Suppose P has consistent parity. Let S be a 2 x 2 square as in Definition 2. Define S; =
S+ (1,1). It is easy to check that for all choices of integers i,j and S7 := S1 + (24, 2)), either
S} € B(P,1) or S{NB(P,1) = (. Thus B(P,1) has consistent parity. The argument that B(P, —1)
has consistent parity is similar. O

Lemma 5. Let P be a connected polyomino of consistent parity and without holes. Define L1 =
B(P,1)\ P and Ly = P\ B(P,—1). Then G(L1) and G(L_1) both have a Hamiltonian cycle of
even length.

Proof. To obtain a Hamiltonian cycle of G(L1), we can simply trace P around the outside of its
boundary, visiting all cells of L; in a cyclic order. The corresponding closed trail of G(L;) visits
each vertex at least once. The assumption of consistent parity is easily seen to imply that we in
fact visit each vertex exactly once, so the obtained trail is a Hamiltonian cycle. The graph G(L1)
is bipartite, so the cycle has even length. The argument that G(L_;) has a Hamiltonian cycle of
even length is similar. O

With the above in hand, we are ready to state and prove our main structural results on domino
packings. They are presented in Lemma 6 and Lemma 7.

Lemma 6. Let P and Py be polyominos such that Py C P, Py has no wholes, and Py has consistent
parity. Let the total number of corners of P and Py be n. Define r = L%nj and Q = B(Py, —).
There exists a mazximum packing of P with 1 X 2 dominos which restricts to a tiling of Q.

Let us briefly pause to explain the importance of Lemma 6. Suppose that P contains a region @)
as described. Then Lemma 6 tells us that any domino tiling of @) can be extended to a maximum
domino packing of P. We can thus disregard @ and focus on finding a maximum packing of P\ @,
thus reducing the problem to a smaller instance. This is one of our key tools for reducing the size
of the original polyomino P to a matching problem of polynomial size. Another tool, namely to
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contract long pipes, will be described in Lemma 7 below, and in Section 4.4, we will conclude that
these two tools used carefully together reduce the packing problem to that of finding a maximum
matching in a graph G* of size O(n?).

Proof. 1t follows from Lemma 4 that @) has consistent parity, and it can thus be tiled with 2 x 2
squares and hence with dominos. Let Q be a tiling of Q.

Figure 10: The polyomino Py and the offset @) (shown in green). The figure also illustrates the ’layers’ A;
and their domino tilings, A;.

Define R = P\ Py and note that R has at most n corners. It follows from Corollary 3 that
R can be partitioned into less than %n rectangular polyominos. Each of these rectangles has a
domino packing with at most one uncovered cell (which happens when the total number of cells in
the rectangle is odd). Fix such a packing R of the rectangles of R with dominos.

We next describe a tiling of Py \ @ as follows. For integers 1 < i < r we define, A; = B(Pp, —i +
1)) \ B(FPo, —i). Intuitively, we can construct @ from Py by peeling off the ‘layers’ A; of Py one
at a time. Let ¢ € {1,...,r} be fixed. As Py has consistent parity, it follows from Lemma 4 that
B(Py, —i+ 1) has consistent parity. It is also easy to check that B(Fy, —i + 1) has no holes either,
and it then follows from Lemma 5 that each connected component of G(A4;) has a Hamiltonian cycle
of even length. These cycles give rise to a natural tiling of A;; if (v1,...,v) is the sequence of
cells corresponding to such a cycle, then {v; Uwvg,v3 U wvy,...,vo5_1 Uvgr} is a tiling of the cells of
the cycle, and the union of such tilings over all connected components in G(A;) gives a tiling of A;
with dominos. Denote this tiling by A;. See Figure 10 for an illustration of this construction.

Combining the tilings A1, ..., A, and @ with the packing R, we obtain a domino packing, P, of
P where at most %n cells of P are uncovered. We now wish to extend this packing to a maximum
packing in a way where we do not alter the tiling Q of ). If we can do this, the result will follow.
Let M be the matching corresponding to P in G(P). We make the following claim.
Claim. Let k < r. Suppose that the matching M can be extended to a matching of size |M| + k.
Then this extension can be made using a sequence C1, ..., of k augmenting paths one after the
other (that is, C; is an augmenting path after the matching has been extended using C,...,Ci_1)
such that for each ¢ € {1,...,k}, we have that C; only uses vertices of G(R U U;-:l Aj).

Before proving this claim, we first argue how the result follows. Since there are less than %n
unmatched vertices in M, we can extend M to a maximum matching using at most r = L%nj
augmenting paths. By the claim, these paths can be chosen so that they avoid the vertices of G(Q).

14



In particular, we never alter the matching of G(Q), so the final maximum matching restricted to
G(Q) is just the tiling Q.

e B o B

_JI [5T [ T4 __ﬂ

Figure 11: Left: An alternating path between two unmatched vertices which enters a connected component of
G(Ag). Right: Modifying the alternating path using the the Hamiltonian cycle of the connected component.

=1

il

We proceed to prove the claim by induction on k. The statement is trivial for £ = 0, so let
1 < k < r satisfy the assumptions of the claim and suppose inductively that C1,...,Cr_1 can be
chosen such that for each i € {1,...,k — 1}, we have that C; only uses vertices of G(RU Uj’:l Aj).
After augmenting the matching using C1,...,Ck_1, we have only modified the matching restricted
to G(RU U§:1 Aj). By Lemma 1, we can find an augmenting path Cj, connecting two unmatched
vertices u, v of G(P). We will modify C}, to a path Cj with C, C RU U§:1 Aj. Write C, : u =
U1, U2, ..., uy = v. Let D be a Hamiltonian cycle of one of the connected components of G(Ag);
see Figure 11. If the path C}, ever enters the vertices of D, we let ¢ be minimal such that u; € D
and j be maximal such that u; € D. We can now replace the subpath u;, u;11,...,u; of C} with
part of the Hamiltonian cycle D. Whether we go clockwise or counterclockwise along D depends on
whether w; is matched with u;41 in a clockwise or counterclockwise fashion in D. We do the same
modification for every Hamiltonian cycle D corresponding to a connected component of G(Ay) that
that C}, intersects. Note that each cycle D partitions the vertices G(P) \ D into an interior and an
exterior part. Since Py has no holes and u,v € R, the original path C}, enters D from the exterior
at u; and likewise leaves D into the exterior at w;. Also note that @ is contained in the interior
parts of the cycles of G(Ay). It then follows that the final resulting path Cj, avoids @ and A; for
j >k, so it is contained in R U U;?:l Aj.
O

As it turns out, Lemma 6 is not in itself sufficient to yield a polyomino with area n®("). For
example, P may contain exponentially long and narrow pipes (see Definition 1), say of width n/10,
which will remain even when @ is removed. Surprisingly, it turns out that such narrow pipes are
the only obstacles that prevent us from reducing to an instance of size polynomial in n. This is
what motivates the following lemma which intuitively yields a reduction for shortening long narrow

pipes.

Lemma 7. Let k,0 € N with ¢ even. Let L C [—1,0] x [0,k], R C [¢,{ + 1] x [0, k] be polyominos
and define P = LU R U ([0,¢] x [0,k]). Color the cells of the plane in a chessboard like fashion
and let b and w be respectively the number of black and white cells contained in P. Assume without
loss of generality that b > w. If £ > 2k, then the number of uncovered cells in a maximum domino
packing of P is exactly b — w. Moreover, there exists a maximum domino packing such that the
rectangle [k + 1,0 — k — 1] x [0, k] is completely covered and all dominos intersecting the rectangle
are horizontal.
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(a) (b) (c)

Figure 12: (a) The polyomino P. (b) Shifting a notch. (c¢) Cancelling two notches. (d) The partial packing
obtained after shifting notches downwards and cancelling notches when possible (gray) and the horizontal
dominos completing the packing (green).

Proof. As each domino covers one black and one white cell, any packing will leave at least b—w cells
uncovered. We thus need to demonstrate the existence of a packing with exactly b — w uncovered
cells. To see that such a packing exists, it is very illustrative to consider Fig. 12. An example of a
polyomino, P, is illustrated in Fig. 12(a). We first tile as many cells of L and R as possible, such
that no two uncovered cells of L and R share an edge. We will call these uncovered cells notches.
We next show how we can alter the configuration of notches by only adding a layer of width 2.
First, we note that a notch can be shifted an even number of cells downwards or upwards using
the construction in Fig. 12 (b). In case we have two notches of different colours in the chessboard
coloring and with no other notches between them, we can use the construction in Fig. 12 (c) to
cancel these two notches from the configuration of notches. Our goal is to use the constructions of
(b) and (c) to shift the notches of L and R downwards, cancelling notches if possible. Going through
the notches of L from bottom to top, we shift them down as far as possible using the construction in
(b). In case a notch has a different color than the nearest notch below it, we use construction (c) to
cancel them. We further add horizontal dominos such that the configuration of notches is preserved
at all other positions than where the shifting or cancelling occurs. We do a similar thing for R. The
process from start to end is illustrated in Fig. 12(d) which also shows the resulting partial tiling.
The red lines in the figure separate the steps of the process.

Note that each added layer of the process has thickness 2. Initially, each of L and R consists of
at most [k/2] notches (after the first step which isolates the notches). Moreover, if k is odd and
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there is [k/2] notches in L or R, then no shifting/cancelling is needed on that side. It then follows
from the assumption [ > 2k that we are able to finish this partial packing. Let b’ and w’ be the
number of black and white cells uncovered by this partial packing. Then ' — w’ = b — w. It is also
easy to check that we can complete the packing of P using only horizontal dominos and leaving
exactly b’ — w’ = b — w cells uncovered. This completes the proof. ]

Lemma 7 allows us to ’shorten’ long and narrow pipes when searching for the maximum domino
packing. It follows from the Lemma that going from Gs3 to G* in the shortening step 5 of our
algorithm does not alter the number of unmatched vertices in a maximum matching. We will return
to this in Section 4.3. Note that, unlike in Lemma 6, we cannot simply remove (part of) the pipe
from the polyomino. The following lemma allows us to upper bound the size of a set of overlapping
pipes no two of which are contained in the same larger pipe.

Lemma 8. Let G = (V, E) be a graph of order n > 2 with no self-loops but potential multiple edges.
Suppose that G has a planar embedding such that for any pair of multiple edges (e1, ea), the Jordan
curve formed by e1 and ez in the planar embedding of G contains a vertex of G in its interior. Then
the number of edges of G is upper bounded by 3n — 5.

Proof. In what follows, we will use the classic result that the number of edges of a simple planar
graph of order n is upper bounded by 3n — 6. We prove the result by strong induction on n. For
n = 2 the result is trivial so let n > 2 be given and suppose the bound holds for smaller values
of n. Let £ be a planar embedding of G. Let (e1,e2) be a pair of distinct multiple edges that is
minimal in the sense that no other such pair (€}, e) exists with the following property: If v and +/
are the Jordan curves formed by (e, es) and (€], €)) in &, then Inty” C Inty. Assume that e; and
e9 connect vertices u and v. Let V' be the set of vertices of G that are contained in Int~ under &£
and let k = |V'|. Then, 1 <k <n—2. Let G; = (V4, E1) where Vj = V' U {u,v} and F; is formed
by e1 together with all edges of G that are incident to a vertex in V'. Let Gy = (Va, E3) where
Vo=V \V'and Fy = E\ E;. Clearly GGy is a simple planar graph on k + 2 vertices. Moreover, it
is readily checked that G is a planar graph on n — k vertices which satisfies the assumptions of the
lemma. Note that 2 <n — k < n. It thus follows from the inductive hypothesis that the number of
edges of GG is upper bounded by

3n—k)—5+3(k+2)—6=3n—5.

This completes the proof.
O

Lemma 9. Let P be a polyomino with n corners. Let Q1,...,Q, be pairwise disjoint pipes of P,
no two of which are contained in a larger pipe of P, i.e., for no two distinct i,j does there exist a
pipe Q with Q; UQ; € Q. Then r < 3n — 5.

Proof. We construct a graph G = (V, E) as follows. V is the set of (geometric) edges of P. For
each i € {1,...,r} we let u;,v; € V be the two parallel edges of P which contain two opposite sides
of Q; and we add the edge (u;,v;) to E. G is thus a graph of order n with exactly r edges. We note
that G may have multiple edges but it has a natural planar embedding, £, such that for each pair
of multiple edges (ej, e2) the Jordan curve formed by e; and ey under € contains a vertex of G in
its interior (see Figure 13). Here we used that for any two i, 7 with 1 <14 < j <r, the two pipes Q;
and Q; are not contained in a larger pipe of P. It thus follows from Lemma 8 that » < 3n — 5.

O
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Qi Qj

Figure 13: The construction of the planar graph G. Pipes are shown in grey. The white rectangle between,
Q; and @; must contain some nonempty subset of 9P in its interior — otherwise this rectangle could joined
with @; and @; forming a larger pipe of P containing both Q; and Q.

We need to argue that the algorithm outputs the correct value and that the different steps can
be implemented to obtain the stated running times.

4.3 Correctness of the domino packing algorithm

We now refer the reader back to the description of our domino packing algorithm from Section 4.1
and show that it correctly finds the size of a maximum domino packing. To show this, it suffices
to show that maximum matchings of Gy and G*, leave the same number of unmatched vertices.
First note that P; has at most n corners. Further, a polyomino with n corners can have at most
(n — 4)/4 holes, and since we remove a hole and add at most 6 new corners in going from P; to
P{ |, P, has at most 5n/2 < 3n corners. It follows that also QQ = B(P», |3n/2]) has at most 3n
corners. Letting n1 denote the number of corners of P; = P\ @ it finally follows that n; < 4n. Now
dist(9P, Q) > [3n/2] > |2n1] and moreover, @ has consistent parity and no holes, so Lemma 6
applies, giving that Gy has a maximum matching, which restricts to a perfect matching of G(Q)
and to a maximum matching of G3. In particular, maximum matchings of Gy and G, leave the
same number of vertices unmatched.

Next, we argue that maximum matchings of G3 and G* again leave the same number of vertices
unmatched. It is easy to see that a maximum matching of G* can be extended to a matching of G3
with the same number of unmatched vertices by simply inserting more horizontal dominos in the
horizontal pipes and vertical dominos in the vertical pipes (here we use that the S;’s as defined in
Step 3, each consists of an even number of cells). Conversely, let M; be a maximum matching of
GG3. We show that G* has a matching, M5, with the same number of uncovered cells. For this we
consider the pipes (7;)7_; found in step 4 of the algorithm. For each 1 < i < r, we let T be the
pipe obtained from 7; by shortening T; by one layer of cells in each end. The length of T} is thus
two shorter than that of T;. Let further L; D T consist of all cells of P which are covered by a
domino which cover at least one cell of T;. The sets (L;)l_; are pairwise disjoint and they are each
of the form of the set L in Lemma 7 (up to a 90 degree rotation). Moreover, the maximum matching

M restricts to a maximum matchings of M7 of G(P3 \ J;_; L;) and a maximum matching Ml(i) of
G(L;) for 1 <i<r. For 1 <i<r, welet Gg’) = G(L;) and Gg) be the corresponding subgraph
of Go. We define M to be M| combined with any maximum matchings of the Gg), 1<i¢<r. By

applying Lemma 7 to each L;, it follows that the maximum matchings of ng') and Géi) leave the
same number of unmatched vertices. It thus follows that Ms and M; leave the same number of
unmatched vertices. This finishes the argument that the algorithm works corrrectly.
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4.4 Bounding the size of the reduced instance

In determining the running time of our algorithm, it is crucial to bound the size of the reduced
instance G*. In this section we show that G* has O(n?) vertices. As explained in the next section,
we can then find a maximum matching of G* in O(n? polylogn) time.

We start out by proving the following lemma.

Lemma 10. The polyomino P53 contains no 63n x 63n square subpolyomino.

Proof. Let n' = |3n/2]. We show that P3 contains no 41n’ x 41n’ square as a subpolyomino and the
desired result will follow. Suppose for contradiction that S C Pj5 is such a subpolyomino. Note that
@ consists of exactly those points of Py of distance at least n’ to all the channels of C := P \ P,
and to OP;. Thus any point & € P5 has distance at most n’ to C or to OP;. In particular S contains
a 39n’ x 39n’ square subpolyomino, S; C P, all points of which are of distance at least n’ to 0P,
and thus, of distance at most n’ to C.

C/
S
Sl C//
S3
CQ C&
St c’
So
C1 Sél) Séz) Sé?’) 554) S§5) SéG) ol
(a) = (b) (c)

Figure 14: Situations in the proof of Lemma 10.

By the way we chose the channels, each channel connects a hole of P; with either the boundary
of P or with a channel already carved in an earlier iteration. Since 0P N'S; = 0, it follows that
any channel intersecting S7 has an end outside S; and thus leaves S7 through an edge of S;.

Write S for the central 3n’ x 3n’ square polyomino of S1; see Figure 14 (a). Since any point of
S is of distance at most n’ to C, S} must intersect a channel Cy C C' (depicted in red in the figure).
We know that C leaves Sp. It is simple to check that this leads to the existence of an 18n’ x 19n’
rectangular polyomino Sy C S7 having along one of its sides a straight part of the channel C; of
length 18n/; see Figure 14 (b). Assume with no loss of generality that Sy = [0, 18n/] x [0, 19n/] and
that the channel C; runs along the base of the rectangle S, as in the figure. For 1 <4 < 6 we define
Szl) to be the square polyomino [3(i — 1)n’, 3in’] x [0,3n']. By the same reasoning as above, each of
these squares must intersect th(e)set of channels C non-trivially. As each channel turns at most once

(3
2

by construction, the squares S5~ are disjoint from Cy. To finish the proof, we require the following

claim.
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Claim. Let B = [0,k] x [0,4], k, £ € N be a k x £ square polyomino. Suppose that [0, k] x [—1,0] is
contained in some channel, C’, and that [0, k] X [¢,¢ + 1] is contained in some other channel, C".
Then k£ < ¢+ 2.

Proof of Claim. See Figure 14 (¢). Suppose without loss of generality that C’ was carved in iteration
i and C” was carved in iteration j in the process of generating P» in step 2 of the algorithm, and
that 7+ < j. The channel C” was chosen to connect a yet unconnected hole H of P/ _; with the
outer boundary of P;_l along a shortest path in the Lo-norm. At the time C” was carved, C’ had
already been carved and thus the edges of C’ (except the two “ends” of length 2) is part of the outer
face of P;_l. Under the assumption k& > £ + 2, we can find a shorter path connecting H to (‘?PJ{_l,
see the bottom part of Figure 14 (c). This shorter path shows that we could have picked a shorter
channel C” in place of C”. This is a contradiction, so we conclude that k < £ + 2. O

Let us now finish the proof of the lemma. We know that the two squares S§2) and 5'55) each
intersect channels of C'. Let us denote these not necessarily distinct channels respectively Co and
Cs. If these channels are the same, the channel Cy passes straight through 553). But then the two
channels C and Cs run in parallel for a length of at least 3n’ + 4 and they have distance at most
3n’ which gives a contradiction with the claim. Thus Cy and Cj are different channels. By the same
reasoning as for (', the channel Cs must leave S3. If it does so in a direction parallel to C}, we
similarly obtain a contradiction with the claim. Thus, it most leave Sy in a direction perpendicular
to C;. The same logic applies to Cs; see Figure 14 (b). Now the two channels Cy and Cs provide a
contradiction to the claim. Indeed, their straight segments span a box, S3, of dimensions £ x 18n’
where ¢ < 18n/ — 4. With this contradiction, we conclude that P3 contains no 41n’ x 41n/ square as
a subpolyomino and the proof is complete. ]

Remark. No serious effort has been made to optimize the constants in Lemma 10.
Corollary 11. For any = € Ps, we have dist(x,0Ps) < 32n.
Proof. If not, P53 contains a 63n x 63n square, a contradiction. ]

Corollary 11 shows that each point of Pj is of distance O(n) to the boundary of P;. In particular,
this shows that the long pipes, T1,...,T,, found in step 4 of the algorithm all have width at most
O(n). By Lemma 9, r = O(n), so when performing the shortening reduction in step 5 of our
algorithm, the part of G* contained in contracted pipes gets size O(n?). We finish this section by
showing that P3 \ |Ji_; T also consists of O(n?) cells. From this it will follow that G* is of order
O(n?®) which is what we require. We state the result as a lemma.

Lemma 12. The reduced instance G* found by our algorithm has O(n?) vertices and edges.

Proof. For technical reasons to be made clear shortly we define 7] to be the pipe obtained from T;
by shortening T; by a layer of cells in each end. The length of T is thus exactly the length of T;
minus 2. Let R be the polyomino P\ |J;_, T/. Consider a (geometrical) edge, e, in the set IR\ 0P
which is an edge forming an end of a shortened pipe 7]. It then follows that the endpoints of e
are corners of R and in particular that e is not contained in a longer edge of OR (this would not
necessarily be the case if we had not shortened the pipes a layer in each end when defining R). We
will use this observation shortly.
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As discussed, it suffices to show that R has O(n?) cells. Note that R has O(n) corners: Indeed,
R is obtained from Pj, which has O(n) corners, by removing O(n) pipes, each of which adds only
4 corners. We show that any point « € R is of distance O(n) from a corner. Since each corner can
have at most O(n?) cells within distance O(n), this will show that R has O(n?3) cells.

So let x € R be arbitrary. Also let ¢ := 32. By Corollary 11, any point of Ps is of distance at
most cn to OP5. It follows that, similarly, any point of R is of distance at most c¢n to OR. Let S be
the 6¢n x 6en square centered at x and suppose that S contains no corner of R. Then RN S is a
collection of horizontal and vertical straight line segments. Moreover, they are either all horizontal
or all vertical as otherwise, they would intersect in a corner of R inside S. Assume without loss of
generality that they are all horizontal. Using that any point of R is of distance at most cn to OR,
it follows that there exists two such parallel segments of distance at most 2cn, one being above x
and one being below. Take a closest pair of such segments. Together they form a pipe, T', of R of
length 6¢n and width at most 2cn, i.e., a pipe of a length at least three times its width. Now T
is disjoint from the pipes T1,...,T, (since T C R and each T is disjoint from R). T is a pipe of
R but we claim that it is in fact also a pipe of P3. To see this, we note that by Corollary 11, the
pipes found in step 4 of our algorithm have width at most 2¢n. In particular, the edges of OR\ 0P
have length at most 2cn and we saw that they are not contained in longer edges of 0P;. However,
the pipe T has length 6cn and so, the long edges of T are in fact edges of OPs, so T is a pipe of
P3. This contradicts the maximality of the set of pipes T1,...,T,. We thus conclude that S must
contain a corner of OR. Since x € R was arbitrary, this shows that any point in R is of distance at
most 3cn = O(n) to a corner of R and the proof is complete. O

4.5 Implementation of the individual steps

We next describe how the different step of our domino tiling algorithm can be implemented.

Step 1: Compute the unique maximal polyomino P; C P with all coordinates even. We
first compute the set P; C P with consistent parity. To obtain P;, we move all corners of P to the
interior of P to the closest points with even coordinates as shown in Figure 6.

Moving the corners may cause some corridors of P to collapse (namely the corridors of P of
thickness 1), so that P; has overlapping edges corresponding to degenerate corridors. The degenerate
vertical corridors can be filtered out in O(nlogn) time as follows (and the degenerate horizontal ones
are handled analogously). We sort the vertical edges after their xz-coordinates and thus partition
the edges into groups with identical x-coordinates. For each group of vertical edges with the same
z-coordinate, we sort them according to the y-coordinates of their lower endpoints. Let eq,...,ex
be one such sorted group. We run through the edges ey, ..., e in this order. For each edge e;, we
run through the succeeding edges until we get to an edge e; which is completely above e;. For each
of the overlapping edges e, k € {i+1,...,7— 1}, we remove the corresponding degenerate corridor
of Py created by e; and ej. Since no triple of edges can be pairwise overlapping, there are O(n)
overlapping pairs in total, so this process is dominated by sorting, which takes O(nlogn) time.

Step 2: Compute a polyomino P» C P; with no holes and consistent parity by carving
channels in P;. Remember that we need to find a set of minimum size of 2 x 2 squares 51, ..., Sk
contained in P/ and with even coordinates that connects an edge of a hole to an edge of the outer
boundary of P/. For each pair of an edge of a hole of P/ and an edge of the outer boundary of P/,
we can compute the size of the smallest set of squares connecting those two edges in O(1) time, so
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by checking all pairs, we find the overall smallest set in O(n?) time. Note that no edge of a middle
square Sj, 2 < j < k — 1, is contained in the boundary 0P/, since otherwise, there would be a
smaller set of squares with the desired properties. Therefore, constructing P}, ; := P} \ U§:1 S; can
then be done in O(1) time once the squares S; have been found. Since there are initially O(n) holes
to eliminate, the process takes O(n?) time in total.

/|

P | D=

P

Figure 15: Left: The Lo, Voronoi diagram VD = V D(P,) of the edges of a polyomino P,. Right: The blue
parts of VD are the subgraphs that have some sufficient distance d to the boundary dP,. The red cycles
enclose the regions of P, with at least distance d to 0P;.

Step 3: Compute the offset Q := B(P,,—[3n/2|) and then P; := P\ Q. We now explain
how to compute the set @ C P, defined by Q := B(P2,—[3n/4]). The boundary of @ can be
computed from the Lo, Voronoi diagram VD := VD(P») of the edges of P» by a well-known
technique described by Held, Lukécs, & Andor [15], as follows. The Voronoi diagram V' D is a plane
graph contained in P, that partitions P, into one region R(e;) for each edge e; of P», such that if
x € R(e;) then dist(x,e;) = dist(x, 0P,), and VD consists of horizontal and vertical line segments
and line segments that make 45° angles with the z-axis; see Figure 8 (left).

We find all maximal subgraphs of V' D consisting of points with distance at least [3n/4] to 0Px.
The leafs of each subgraph G lie on a cycle in P» where the distance to P; is constantly [3n/4],
and the cycles can be found by traversing the leafs of G in clockwise order; see [15] for the details
and Figure 8 (right) for a demonstration.

We can compute VD in O(nlogn) time using the sweep-line algorithm of Papadopoulou &
Lee [24]. In our special case where all edges are horizontal or vertical, the algorithm becomes
particularly simple as described by Martinez, Vigo, Pla-Garcia, & Ayala [20]. Once we have V D, it
takes O(n) time to compute 9Q).

One can avoid the computation of V D by offsetting the boundary into the interior by distance
1 repeatedly [3n/4] times. After each offset, we remove collapsed corridors as described in step 1.
This would take in total O(n?logn) time.

The representation of P3 := P\ @ is obtained by simply adding the cycles representing the
boundary of @) to the representation of P.

Step 4: Find the long pipes of P;. Recall that each long pipe T; C P5 is a maximal rectangle
with a pair of edges contained in P55 which are at least 3 times as long as the other pair of edges.

To find the pipes, we compute the Lo, Voronoi diagram V D; := V D(P3) of the edges of P in
O(nlogn) time, as described in step 3. Consider a long pipe T;. Assume without loss of generality
that T; = [0,4] x [0, k] where ¢ is the length and k& < ¢/3 is the width. We now observe that the
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segment e := [k/2,¢ — k/2] x k/2 in the horizontal symmetry axis of 7; is contained in an edge of
V' D1, since for any point p in e, the edges of P3 closest to p are the horizontal edges of T;.

Each horizontal or vertical edge e of V D; separates the regions of points that are closest to a
pair s1, sg of horizontal or vertical edges of Ps. It is easy to check whether si, so define a long pipe
containing (a part of) e. Hence, all pipes can be identified by traversing the edges of V D;. As VD,
has complexity O(n), this step takes O(nlogn) time in total.

Step 5: Shorten the pipes and compute the associated graph G*. Recall that we define
G3 := G(P3;) and obtain the final graph G* by replacing long horizontal (resp. vertical) paths in
pipes with long horizontal (resp. vertical) edges. Once P3 and the long pipes have been computed,
it is straightforward to construct G* in O(n3) time, since the size of G* is O(n3) by Lemma 2.

Step 6: Find the size of a maximum domino packing of P. Recall that our algorithm
outputs |M| + (Ng — N2)/2, where M is a maximum matching of G*, Ny is the area of P, and
Ny is the number of vertices of G*. In order to compute M, we use the multiple-source multiple-
sink maximum flow algorithm by Borradaile, Klein, Mozes, Nussbaum, & Wulff-Nilsen [6]. In
a directed plane graph with m vertices and edge capacities, where a subset of the vertices are
sources and another subset are sinks, the algorithm finds the maximum flow from the sources to

the sinks respecting the capacities in time O(mlog® m). Gawrychowski & Karczmarz [13] described
log® m

log? logm

matching equals a maximum flow between the two vertex classes, when each edge has capacity 1.

We can therefore find the maximum matching of G* in time O(n? polylogn).

an improved algorithm with running time O(m ). Our graph G* is bipartite, so a maximum

Remark. We note that we can also find an (implicit) description of a maximum domino packing of
P. We simply extend the matching of G* by inserting horizontal dominos in the horizontal pipes
and vertical dominos in the vertical pipes. We further decide to give ) any standard tiling, e.g.,
the one that uses only horizontal dominos. It follows from the correctness of the algorithm that this
gives a maximum domino packing of P.

4.6 Simpler but slower algorithm

Using the structural results on domino packings, we are able to prove the correctness of the following
much simpler algorithm, which works by truncating the long edges of P. We sort the corners of
P by z-coordinates and consider the corners in this order c¢q,...,¢,. When x(ci11) — x(c;) > 9In,
we move all the corners c¢;41,...,¢, to the left by a distance of ZLMJ — 6n. We call
this operation a contraction. The result after all of the contractions is a polyomino P’ with the
parities of the xz-coordinates unchanged and with the difference between the z-coordinates of any two
consecutive corners at most 6n. We then consider the corners in order according to y-coordinates
and do a similar truncation of the long vertical edges. We have now reduced the container P to
an orthogonal polygon P” of area at most O(n?), since the span of the z-coordinates is O(n?), as
is the span of the y-coordinates. We then compute a maximum matching M in the graph G(P")
and return |M|+ M as the size of a maximum packing in P. Using the multiple-source
multiple-sink maximum flow algorithm to compute the matching M, this leads to an algorithm with
running time O(n* polylogn).

We now verify that the number of uncovered cells in maximum packings is invariant under a
single contraction, and the correctness of the algorithm hence follows. To this end, suppose that
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Figure 16: A contraction of the simple algorithm with one fat and two skinny rectangles. The algorithm
moves all corners ¢;y1,..., ¢, to the left, essentially contracting the area between the vertical lines v} and
v} to nothing.

z(ciy1) — x(¢;) > 9n, so that we move the corners ¢;y1,...,c, to the left; see Figure 16. Let vy
and vy be vertical lines with z-coordinates x(c;) and x(c;11), respectively, and let V' be the vertical
strip bounded by v; and vy. The intersection PNV is a collection of disjoint rectangles Ry, ..., Ry
of width z(c;+1) — z(¢;) and various heights. We define a rectangle R; to be fat if its height is more
than 3n, and otherwise R; is skinny. We now define a polyomino P, in order to apply Lemma 6.
For each fat rectangle R;, we let R, C R; be the maximum rectangle with even coordinates and
add R} to Py. As each rectangle R; corresponds to exactly two horizontal edges, the number of
rectangles k is upper bounded by n/4 and in particular, the number of corners of P\ Py is at most
2n. Letting @ := B(FPo, —|3n/2]), we get from Lemma 6 that there exists a maximum tiling of P
that restricted to @ is a tiling.

We define P; := P\ @ and observe that the contraction corresponds to contracting a set of long
pipes in P;. These pipes are the skinny rectangles R; and the parts of the fat rectangles vertically
above and below the removed part ). We therefore get from Lemma 7 that the number of uncovered
cells is invariant under the contraction.

For some containers P, the graph G(P”) really has Q(n*) vertices, so the algorithm is slower
than the complicated algorithm. For instance when the boundary of P consists of four “staircases”,
each consisting of n/4 vertices, where each step has width and height n; see Figure 17 (left). Here
the complicated algorithm will remove most of the interior, leaving a layer of cells of thickness O(n)
around the boundary, but the simple algorithm will not make any contractions.

One might be tempted to think that we can even truncate the edges so that the difference
between consecutive z- and y-coordinates is either 1 or 2, keeping the parity of all coordinates.
However, this does not work, as seen in Figure 17 (right). Two dominos can be packed in the
reduced container P’, and the reduction decreases the area by eigth cells, so the formula would give
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P P’

Figure 17: Left: A polyomino with area Q(n?) that the simple algorithm will not reduce. Right: If we truncate
edges so that consecutive x-coordinates have difference either 1 or 2 (keeping the parities invariant), then
there may be more uncovered cells in a maximum packing of the reduced instance than in the original.

that the original container P has room for six dominos, but there is actually room for seven.
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